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AUTHOR’S PREFACE — SECOND FRENCH EDITION 


The first part of this volume has undergone only slight changes, 
while the rather important modifications that have been made 
appear only in the last chapters. 

In the first edition I was able to devote but a few pages to par- 
tial differential equations of the second order and to the calculus 
of variations. In order to present in a less summary manner such 
broad subjects, I have concluded to defer them to a third volume, 
which will contain also a sketch of the recent theory of integral 
equations. The suppression of the last chapter has enabled me to 
make some additions, of which the most important relate to linear 
differential equations and to partial differential equations of the 


first order. E. GOURSAT 
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TRANSLATORS’ PREFACE 


As the title indicates, the present volume is a translation of the 
first half of the second volume of Goursat’s “Cours d’ Analyse.” The 
decision to publish the translation in two parts is due to the evi- 
dent adaptation of these two portions to the introductory courses in 
American colleges and universities in the theory of functions and 
in differential equations, respectively. 

After the cordial reception given to the translation of Goursat’s 
first volume, the continuation was assured. That it has been 
delayed so long was due, in the first instance, to our desire to await 
the appearance of the second edition of the second volume in 
French. The advantage in doing so will be obvious to those who 
have observed the radical changes made in the second (French) 
edition of the second volume. Volume I was not altered so radi- 
cally, so that the present English translation of that volume may be 
used conveniently as a companion to this; but references are given 
here to both editions of the first volume, to avoid any possible 
difficulty in this connection. 

Our thanks are due to Professor Goursat, who has kindly given 
us his permission to make this translation, and has approved of the 
plan of publication in two parts. He has also seen all proofs in 
English and has approved a few minor alterations made in transla- 
tion as well as the translators’ notes. The responsibility for the 


latter rests, however, with the translators. 
E. R. HEDRICK 


OTTO DUNKEL 
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THEORY OF FUNCTIONS OF A 
COMPLEX VARIABLE 


CHAPTER I 
ELEMENTS OF THE THEORY 


I. GENERAL PRINCIPLES. ANALYTIC FUNCTIONS 


1. Definitions. An imaginary quantity, or complex quantity, is any 
expression of the form « + $i where a and # are any two real num- 
bers whatever and ¢ is a special symbol which has been introduced 
in order to generalize algebra. Essentially a complex quantity is 
nothing but a system of two real numbers arranged in a certain 
order. Although such expressions as «+ 47 have in themselves no 
concrete meaning whatever, we agree to apply to them the ordinary 
rules of algebra, with the additional convention that 7? shall be 
replaced throughout by — 1. 

Two complex quantities a + di and a' + bi are said to be equal if 
«=a and6=6'. The sum of two complex quantities a + bi and 
¢+di is a symbol of the same form a+e+(6+d)i; the differ- 
ence a+6i1—(e+di) is equal to a—e+(b—d)i. To find the 
product of a + b¢ and ¢ + di we carry out the multiplication accord- 
ing to the usual rules for algebraic multiplication, replacing 7? by 
—1, obtaining thus 

(a + bi) (e + dt) = ac — bd + (ad + be)t. 
The quotient obtained by the division of a+ i by ¢+ di is 


defined to be a third imaginary symbol « + yi, such that when it is 
multiplied by ¢ + di, the product is @ + bi. The equality 

a+ bi =(e+ di) (a + y) 
is equivalent, according to the rules of multiplication, to the two 
relations ca — dy = a, da + cy = b, 


ve 
whence we obtain ae + bd be — ad 


CL Y= "ast dt. 
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The quotient obtained by the division of a + bi by ¢ + di is repre- 
sented by the usual notation for fractions in algebra, thus, 


a+ bv 
c+ ahi 





aty= 


A convenient way of calculating # and y is to multiply numerator 
and denominator of the fraction by ¢ — di and to develop the 
indicated products. 

All the properties of the fundamental operations of algebra can be 
shown to apply to the operations carried out on these imaginary sym- 
bols. Thus, if 4, B, C, --- denote complex numbers, we shall have 


A. B=B-A,A-B-C=A:(B-C), AB +0) SsABLAG, =: 


and so on. The two complex quantities a + di and a — bi are said 
to be conjugate imaginaries. The two complex quantities a + bi and 
—a — bi, whose sum is zero, are said to be negatives of each other 
or symmetric to each other. 

Given the usual system of rectangular axes in a plane, the complex 
quantity a + bi is represented by the point MW of the plane 20y, whose 
coérdinates are a =a and y=. In this way a concrete representa- 
tion is given to these purely symbolic expressions, and to every 
proposition established for complex quantities there is a correspond- 
ing theorem of plane geometry. But the greatest advantages resulting 
from this representation will appear later. Real numbers correspond 
to points on the a-axis, which for this reason is also called the ais 
of reals. Two conjugate imaginaries a + bi and a — bi correspond to 
two points symmetrically situated with respect to the z-axis. Two 
quantities a + bc and — a — bi are represented by a pair of points 
symmetric with respect to the origin O. The quantity a + di, which 
corresponds to the point M with the coérdinates (a, 0), is sometimes 
called its affix.* When there is no danger of ambiguity, we shall 
denote by the same letter a complex quantity and the point which 
represents it. 

Let us join the origin to the point M with codrdinates (a, 6) by a 
segment of a straight line. The distance OM is called the absolute 
value of a + bi, and the angle through which a ray must be turned 
from Ox to bring it in coincidence with OM (the angle being measured, 
as in trigonometry, from Ox toward Oy) is called the angle of a + bi. 





* This term is not much used in English, but the French frequently use the corre- 
sponding word «fixe. — TRANS. 
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Let p and w denote, respectively, the absolute value and the angle of 
a+ bi; between the real quantities a, d, p, w there exist the two rela- 
tions a = p CoS w, b = psinw, whence we have 


a , a 
= Va? 2 COS. 2. SE @) ime se een 
p a’ + 6 uae ie tie 


The absolute value p, which is an essentially positive number, is 
determined without ambiguity ; whereas the angle, being given only 
by means of its trigonometric functions, is determined except for an 
additive multiple of 2 7, which was evident from the definition itself. 
Hence every complex quantity may have an infinite number of 
angles, forming an arithmetic progression in which the successive 
terms differ by 27. In order that two complex quantities be equal, 
their absolute values must be equal, and moreover their angles must 
differ only by a multiple of 27, and these conditions are sufficient. 
The absolute value of a complex quantity z is represented by the 
same symbol |z| which is used for the absolute value of a real 
quantity. 

Let z=a+ bi, z'=a'+b% be two complex numbers and m, m' 
the corresponding points; the sum z + 2!’ is then represented by the 
point m", the vertex of the parallelogram constructed upon Om, Om'. 
The three sides of the triangle Om m" 
(Fig. 1) are equal respectively to the 
absolute values of the quantities z, 2’, 
z-+2!'. From this we conclude that the 
absolute value of the sum of two quanti- 
ties is less than or at most equal to the 
sum of the absolute values of the two 
quantities, and greater than or at least 
equal to their difference. Since two Fie. 
quantities that are negatives of each 
other have the same absolute value, the theorem is also true for 
the absolute value of a difference. Finally, we see in the same way 
that the absolute value of the sum of any number of complex 
quantities is at most equal to the sum of their absolute values, the 
equality holding only when all the points representing the different 
quantities are on the same ray starting from the origin. 

If through the point m we draw the two straight lines ma' and 
my' parallel to Ox and to Oy, the codrdinates of the point m! in this 
system of axes will be a'—a and b'—d (Fig. 2). The point m' 
then represents z'—z in the new system; the absolute value of 
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z' — z is equal to the length mm’, and the angle of z' — z is equal to 
the angle @ which the direction mm! makes with ma'. Draw through 
Oa segment Om, equal and par- 
allel to mm!'; the extremity m, of 
this segment represents 2’ — z in 
the system of axes Ox, Oy. But 
the figure Om'm, is a parallelo- 
gram; the point m, is therefore 
the symmetric point to m with 
respect to c, the middle point 
Fie, 2 of Om'. 

Finally, let us obtain the for- 
mula which gives the absolute value and angle of the product of any 
number of factors. Let 





2y, = pz (COS w, + 7 SiN w,), (he = 1, 2yo ssw), 


be the factors; the rules for multiplication, together with the addi- 
tion formule of trigonometry, give for the product 


a Pn[ COS(w, + i ®,) 

+ 7 sin (w, aie, Stato tr ,) |, 
which shows that the absolute value of a product is equal to the 
product of the absolute values, and the angle of a product is equal to 
the sum of the angles of the factors. From this follows very easily 
the well-known formula of De Moivre: 


COS mw + 7 SIN mw = (COS w + 7 SIN w)”, 


which contains in a very condensed form all the trigonometric for- 
mule for the multiplication of angles. 

The introduction of imaginary symbols has given complete gener- 
ality and symmetry to the theory of algebraic equations. It was in 
the treatment of equations of only the second degree that such ex- 
pressions appeared for the first time. Complex quantities are equally 
important in analysis, and we shall now state precisely what mean- 
ing is to be attached to the expression a function of a complex 
variable. 


2. Continuous functions of a complex variable. A complex quantity 
z2=a-+ yt, where x and y are two real and independent variables, 
is a complex variable. If we give to the word function its most 
general meaning, it would be natural to say that every other complex 
quantity « whose value depends upon that of z is a function of x. 
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Certain familiar definitions can be extended directly to these func- 
tions. Thus, we shall say that a function uw = f(z) is continuous if 
the absolute value of the difference f(z + h)— f(z) approaches zero 
when the absolute value of h approaches zero, that is, if to every 
positive number ¢ we can assign another positive number y such that 


IP@+h)—fe|<6 
provided that || be less than 7. 


A series, : 
U, (2) + u,(z)+ etal u, (2) + ree 


whose terms are functions of the complex variable z is uniformly 
convergent in a region A of the plane if to every positive number « 
we can assign a positive integer NV such that 


| Pe |=|ena1(@) + Un 42(%) + ees |<e 


for all the values of z in the region A, provided that n= WN. It 
can be shown as before (Vol. I, § 31, 2d ed.; § 173, 1st ed.) that if a 
series is uniformly convergent in a region 4A, and if each of its 
terms is a continuous function of z in that region, its sum is itself 
a continuous function of the variable 2 in the same region. 

Again, a series is uniformly convergent if, for all the values of z 
considered, the absolute value of each term |w,| is less than the 
corresponding term v, of a convergent series of real positive con- 
stants. The series is then both absolutely and uniformly convergent. 

Every continuous function of the complex variable z is of the 
form wu = P(a, y)+Q(a, y)i, where P and Q are real continuous 
functions of the two real variables x, y. If we were to impose no 
other restrictions, the study of functions of a complex variable 
would amount simply to a study of a pair of functions of two real 
variables, and the use of the symbol ¢ would introduce only illusory 
simplifications. In order to make the theory of functions of a com- 
plex variable present some analogy with the theory of functions of a 
real variable, we shall adopt the methods of Cauchy to find the con- 
ditions which the functions P and Q must satisfy in order that the 
expression P + Qi shall possess the fundamental properties of func- 
tions of a real variable to which the processes of the calculus apply. 


3. Analytic functions. If f(x) is a function of a real variable « 
which has a derivative, the quotient 


f(a +h) — f(a) 
h 
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approaches f"(#) when f approaches zero. Let us determine in the 
same way under what conditions the quotient 

Au AP +%AQ 

Az Aa-+ idy 





will approach a definite limit when the absolute value of Az approaches 
zero, that is, when Ax and Ay approach zero independently. It is 
easy to see that this will not be the case if the functions P (a, y) and 
Q(x, y) ave any functions whatever, for the limit of the quotient 
Au/Az depends in general on the ratio Ay/Az, that is, on the way 
in which the point representing the value of 2 + 4 approaches the 
point representing the value of z. 

Let us first suppose y constant, and let us give to xa value x + A» 
differing but slightly from a; then 

= eC: Ae) — P(x, ¥) ie Q(x + =e — Q@, y)_ 





In order that this quotient have a limit, it is necessary that the 
functions P and Q possess partial derivatives with respect to x, and 
in that ease Au @P aQ 


lim =— : 
Az Ox Ox. 





Next suppose x constant, and let us give to y the value y + Ay; we 
have 


Au _ P(x, y +Ay)—P(@, y) 4 Ly + AY)—O@Y) 


Az iAy Ay 

and in this case the quotient will have for its limit 
Cone 
dy * by 


if the functions P and Q possess partial derivatives with respect to y. 
In order that the limit of the quotient be the same in the two cases, 
it is necessary that 
OP* 0Q oP 
(1) = Fa 3 
Ce. oY Cy Cx 





Suppose that the functions P and Q satisfy these conditions, and 
that the partial derivatives @¢P/éx, 6P/éy, 6Q/éx, 6Q/éy are con- 
tinuous functions. If we give to « and y any increments whatever, 
Ax, Ay, we can write 


AP = P(x + Aa, y + Ay)— P(a + Aa, y) +P (a + Aa, y)— P(a, Y) 
= AyP, (@ + Ax, y + OAy) + AvP, (a + 6'Az, y) 
= Ax[P,(w, y) + €] + ALP, (a, 9) + 6); 
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where 6 and 6’ are positive numbers less than unity; and in the 
same way 

AQ = Axr[Q,(@, y) + J] + AY(2,(@ y) + 4]; 
where ¢, ¢’, €, « approach zero with Aw and Ay. The difference 
Au = AP + iAQ can be written by means of the conditions (1) in 
the form, 


De Ae) oQ 
au = de(S +i a) + au(= on + 9 a) 4 gde + alay 


; Pe Bed 
= (Ax a iay(F + U <2) aa nA a n AY, 


where 7 and 7’ are infinitesimals. We have, then, 


AumnnOr ,08 naw + y'Ay 


Az 0x | Ox Ax + iAy 
If |y| and |y'| are smaller than a number a, the absolute value of the 
complementary term is less than 2a. This term will therefore ap- 
proach zero when Az and Ay approach zero, and we shall have 


au _ OP , ,20 


The conditions (1) are then necessary and sufficient in order that the 
quotient Aw/Az have a unique limit for each value of z, provided that 
the partial derivatives of the functions P and Q be continuous. The 
function uw is then said to be an analytic function * of the variable z, 
and if we represent it by f(z), the derivative /"() is equal to any 
one of the following equivalent expressions : 


CP 00 WC, Cr SCP ROP ICQI Cd 


CO) LO= Bat Ga = By ay = a By = By Tae 





It is important to notice that neither of the pair of functions 
P(x, y), Q(a, y) can be taken arbitrarily. In fact, if P and Q have 
derivatives of the second order, and if we differentiate the first of 
the relations (1) with respect to x, and the second with respect to y, 
we have, adding the two resulting equations, 

CROP 
Ox? HE oy? 








Nye 





* Cauchy made frequent use of the term monogene, the equivalent of which, mono- 
genic, is sometimes used in English. The term synectique is also sometimes used in 
French. We shall use by preference the term analytic, and it will be shown later 
that this definition agrees with the one which has already been given (I, § 197 
2d ed.; § 191, 1st ed.) 
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We can show in the same way that AQ=0. The two functions 
P(x, y), Q(a, y) must therefore be a pair of solutions of Laplace’s 
equation. 

Conversely, any solution of Laplace’s equation may be taken for 
one of the functions P or Q. For example, let P(a, y) be a solution 
of that equation; the two equations (1), where Q is regarded as an 
unknown function, are compatible, and the expression 


Efe Lee oP 
u= P(e, ori f (ev —Feae) +e, 


0” Yo) 
which is determined except for an arbitrary constant C, is an analytic 
function whose real part is P (a, y). 

It follows that the study of analytic functions of a complex vari- 
able z amounts essentially to the study of a pair of functions 
P(«, y), Q(a, y) of two real variables # and y that satisfy the 
relations (1). It would be possible to develop the whole theory with- 
out making use of the symbol 7.* 

We shall continue, however, to employ the notation of Cauchy, but 
it should be noticed that there is no essential difference between the 
two methods. Every theorem established for an analytic function 
/() can be expressed immediately as an equivalent theorem relat- 
ing to the pair of functions P and Q, and conversely. 


Examples. The function u = x? — y? + 2ayi is an analytic function, for it 
satisfies the equations (1), and its derivative is 2% + 2yi = 2z; in fact, the func- 
tion is simply (« + yi)? = z?. On the other hand, the expression v = x — yi is nov 
an analytic function, for we have 


ee 

Av Av—idy _ Ax 
Az Av+idy 14 ¢4¥ 
Ax 


and it is obvious that the limit of the quotient Av/Az depends upon the limit of 
the quotient Ay/Az. 

If we put c= pcosw, y = psinw, and apply the formule for the change of 
independent variables (I, § 63, 2d ed.; § 38, Ist ed., Ex. II), the relations 
(1) become 


(3) eP_- aQ_s QP 


Cayo. | Dp eee ae mene 
and the derivative takes the form 


[eo= a + ) (cos w — isin w). 





* This is the point of view taken by the German mathematicians who follow 
Riemann. 
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It is easily seen on applying these formule that the function 
zm = p™ (cosmw + isin mw) 
is an analytic function of z whose derivative is equal to 


mp”™—1(cos mw + 7 sin mw) (cos w — i sinw) = mzm—1, 


4. Functions analytic throughout a region. The preceding general 
statements are still somewhat vague, for so far nothing has been 
said about the limits between which z may vary. 

A portion A of the plane is said to be connected, or to consist of 
a single piece, when it is possible to join any two points whatever 
of that portion by a continuous path which lies entirely in that 
portion of the plane. A connected portion situated entirely at a 
finite distance can be bounded by one or several closed curves, 
among which there is always one closed curve which forms the 
exterior boundary. A portion of the plane extending to infinity may 
be composed of all the points exterior to one or more closed curves ; 
it may also be limited by curves having infinite branches. We shall 
employ the term vegion to denote a connected portion of the plane. 

A function f(z) of the complex variable z is said to be analytic * 
in a connected region A of the plane if it satisfies the following 
conditions : 

1) To every point 2 of A corresponds a definite value of f(z) ; 

2) f(z) is a continuous function of z when the point z varies in 
A, that is, when the absolute value of f(z + h)—_ f(z) approaches 
zero with the absolute value of h; 

3) At every point z of A, f(z) has a uniquely determined deriva- 
tive f'(z); that is, to every point 2 corresponds a complex number 
/'(z) such that the absolute value of the difference 


h 


approaches zero when |/| approaches zero. Given any positive num- 
ber «, another positive number y can be found such that 


(4) fe + h)— £@)— Wf") 
if |A| is less than ». 
For the moment we shall not make any hypothesis as to the values 


of f(z) on the curves which limit 4. When we say that a function 
is analytic in the interior of a region A bounded by a closed curve T 





Se|h| 





* The adjective holomorphic is also often used. — TRANS. 
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and on the boundary curve itself, we shall mean by this that f(z) 1s 
analytic in a region containing the boundary curve I and the 
region A. 

A function f(z) need not necessarily be analytic throughout its 
region of existence. It may have, in general, singular points, which 
may be of very varied types. It would be out of place at this point 
to make a classification of these singular points, the very nature of 
which will appear as we proceed with the study of functions which 
we are now commencing. 


5. Rational functions. Since the rules which give the derivative of 
asum, of a product, and of a quotient are logical consequences of the 
definition of a derivative, they apply also to functions of a complex 
variable. The same is true of the rule for the derivative of a func- 
tion of a function. Let w= f(Z) be an analytic function of the 
complex variable Z ; if we substitute for Z another analytic function 
$(z) of another complex variable z, w is still an analytic function of 
the variable z. We have, in fact, 


when |Az| approaches zero, |AZ| approaches zero, and each of the 
quotients Aw/AZ, AZ/Az approaches a definite limit. Therefore the 
quotient Aw/Az itself approaches a limit: 


iy BY = Vale 
lim ae = f'(Z) $'(2). 
We have already seen (§ 3) that the function 


gm — (a + yi)” 


is an analytic function of z, and that its derivative is mz™-'. This 
can be shown directly as in the case of real variables. In fact, the 
binomial formula, which results simply from the properties of multi- 
plication, obviously can be extended in the same way to complex 
quantities. Therefore we can write 


m m(m — 1) 
(z + hy aoe wm + 7 gm—-1lp + m = 3 gm—2f2 + Ae 


> 


where m is a positive integer; and from this follows 


2 ji m__ am ; ae 
CO ae = mzm—t + h E w 1) am —2 aR doe ale ae 


h 9 


. ad 
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It is clear that the right-hand side has mz”~! for its limit when the 
absolute value of 4 approaches zero. 

It follows that any polynomial with constant coefficients is an 
analytic function throughout the whole plane. A rational function 
(that is, the quotient of two polynomials P(z), Q(<), which we may 
as well suppose prime to each other) is also in general an analytic 
function, but it has a certain number of singular points, the roots of 
the equation Q(z)= 0. It is analytic in every region of the plane 
which does not include any of these points. 


6. Certain irrational functions. When a point 2 describes a continu- 
ous curve, the codrdinates # and y, as well as the absolute value p, 
vary in a continuous manner, and the same is also true of the angle, 





Fic. 3a Fie. 36 


provided the curve described does not pass through the origin. If 
the point z describes a closed curve, x, y, and p return to their 
original values, but for the angle w this is not always the case. If 
the origin is outside the region inclosed by the closed curve (Fig. 3 a), 
it is evident that the angle will return to its original value; but this 
is no longer the case if the point z describes a curve such as M,NPM, 
or M,npqM, (Fig. 36). In the first case the angle takes on its original 
value increased by 2 7r, and in the second case ‘t takes on its original 
value increased by 47. It is clear that can be made to describe 
closed curves such that, if we follow the continuous variation of the 
angle along any one of them, the final value assumed by o will differ 
from the initial value by 2 7, where n is an arbitrary integer, posi- 
tive or negative. In general, when 2 describes a closed curve, the 
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angle of z — a returns to its initial value if the point @ lies outside 

of the region bounded by that closed curve, but the curve described 

by # can always be chosen so that the final value assumed by the 

angle of z — a will be equal to the initial value increased by 27. 
Let us now consider the equation 


(5) WO 3 1 
where m is a posilsve integer. To every value of z, except «= 0, 


there are m distinct values of w which satisfy this equation and 
therefore correspond to the given value of z. In fact, if we put 


#2 = p(coso+isinw), u=r(cos¢+ sin ), 
the relation (5) becomes equivalent to the following pair: 
GOS moh = wo + 2k. 


From the first we have + = p’”, which means that ris the mth arith- 
metic root of the positive number p; from the second we have 


>= (w + 2kr)/m. 


To obtain all the distinct values of w we have only to give to the 
arbitrary integer k the m consecutive integral values 0, 1, 2,---,m—1; 
in this way we obtain expressions for the m roots of the equation (5) 


1 ” 
(6) i= p? [eos (et) + isin (+ 2*)| 


(k = 0,1, 2,-+-,m—1). 


It is usual to represent by 2” any one of these roots. 

When the variable z describes a continuous curve, each of these 
roots itself varies in a continuous manner. If z describes a closed 
curve to which the origin is exterior, the angle w comes back to its 
original value, and each of the roots w,, w,, +++, U,—1 describes a 
closed curve (Fig. 4a). But if the point z describes the curve 
M,NPM, (Fig. 36), w changes to w + 27, and the final value of the root 
u; is equal to the initial value of the root w;,, Hence the ares 
described by the different roots form a single closed curve (Fig. 40). 

These m roots therefore undergo a cyclic permutation when the 
variable z describes in the positive direction any closed curve with- 
out double points that incloses the origin. It is clear that by making 
describe a suitable closed path, any one of the roots, starting from 
the initial value w,, for example, can be made to take on for its fina! 
value the value of any of the other roots. If we wish to maintain 
continuity, we must then consider these m roots of the equation (5) 
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not as so many distinct functions of z, but as m distinct branches of the 
same function. The point z = 0, about which the permutation of the 
m values of wu takes place, is called a critical point or a branch point. 





Fic. 40 


In order to consider the m values of w as distinct functions of z, 
it will be necessary to disrupt the continuity of these roots along a 
line proceeding from the origin to infinity. We can represent this 
break in the continuity very concretely as follows: imagine that in 
the plane of z, which we may regard as a thin sheet, a cut is made 
along a ray extending from the origin to infinity, for example, along 
the ray OL (Fig. 5), and that then the two edges of the cut are 
slightly separated so that there is no path along which the variable 
z can move directly from one edge to the other. Under these circum- 
stances no closed path whatever can inclose the origin; hence to 
each value of z corresponds a completely determined value w; of the 
m roots, which we can obtain by tak- 
ing for the angle the value included 
between a@ and a—27. But it must 
be noticed that the values of u;at two 
points m, m' on opposite sides of the 
cut do not approach the same limit as 
the points approach the same point of 
the cut. The limit of the value of wu, 
at the point m! is equal to the limit of 
the value of u; at the point m, multi- Fie. 5 
plied by [cos (2 7 /m) + isin (2 1/m)]. 

Each of the roots of the equation (5) is an analytic function. Let 
u, be one of the roots corresponding to a given value z,; to a value 
of z near x, corresponds a value of w near w,. Instead of trying to 
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find the limit of the quotient (w — u,)/(# — 2,), we can determine the 


limit of its reciprocal 
Bie, I Ue 


= ? 


“L—U, U— Uy 
and that limit is equal to mu,"~'. We have, then, for the derivative 


of wu 1 eee 


SS SS 


GoUe- = ii @ 


or, using negative exponents, 
1 


uw! = — 2” 


In order to be sure of having the value of the derivative which corre- 
sponds to the root considered, it is better to make use of the expres- 
sion (1/m) (w/z). 

In the interior of a closed curve not containing the origin each 
of the determinations of Vz is an analytic function. The equation 
u" = A(z — a) has also m roots, which permute themselves cyclically 
about the critical point z = a. 

Let us consider now the equation 


(7) w= A(z —e,)(2 —@,) +++ (2 —@,), 

where ¢,, ey +++, @, are nm distinct quantities. We shall denote by 
the same letters the points which represent these n quantities. Let 
us set A=R(cos@+isina), 
Z— = p,(COSo, +isine,), (k =1, 2,---, n), 

u = 7r(cos 6+ isin 6), 
where w, represents the angle which the straight-line segment e,z 
makes with the direction Ox. From the equation (7) it follows that 

Tap Dt mide aol 26=a+0,+---+0,+2m7; 

hence this equation has two roots that are the negatives of each other, 


@ + See ae n 
Obey (Rp, p, ae p.)4| eos ( eal x ee ) 


“a 


att t es) 
a a a TAT mae ae ceo > 





+ isin ( 
ae (Rp, py a p.)*[ cos (* pats > fo + “7) 


+ isin (tot easels 0 “T)). 


(8) 
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When the variable z describes a closed curve C containing within 
it p of the points ¢,, ¢,,---, ¢,, p of the angles w,, w,,---, », will 
increase by 27; the angle of w, and that of uw, will therefore in- 
crease by pa. If p is even, the two roots return to their initial 
values; but if p is odd, they are permuted. In particular, if the 
curve incloses a single point e;, the two roots will be permuted. The 
n points e; are branch points. In order that the two roots w, and w, 
shall be functions of z that are always uniquely determined, it will 
suffice to make a system of cuts such that any closed curve whatever 
will always contain an even number of critical points. We might, 
for example, make cuts along rays proceeding from each of the 
points e, to infinity and not cutting each other. But there are many 
other possible arrangements. If, for example, there are four criti- 
cal points e@,, ¢,, @,, €,, a cut could be made along the segment of a 


23) 
straight line e¢,e,, and a second along the segment ¢,e,. 


7. Single-valued and multiple-valued functions. The simple exam- 
ples which we have just treated bring to light a very important fact. 
The value of a function. f(z) of the variable z does not always depend 
entirely upon the value of z alone, but it may also depend in a cer- 
tain measure upon the succession of values assumed by the variable 
z in passing from the initial value to the actual value in question, 
or, in other words, upon the path followed by the variable z. 

Let us return, for example, to the function « = Vz. If we pass 
from the point J/, to the point MW by the two paths M,N M and M,PM 
(Fig. 3), starting in each case with the same initial value for w, we 
shall not obtain at M the same value for uw, for the two values 
obtained for the angle of z will differ by 27. We are thus led to 
introduce a new distinction. 

An analytic function f(z) is said to be single-valued * in a region 
A when all the paths in A which go from a point 2, to any other point 
whatever z lead to the same final value for f(z). When, however, 
the final value of f(z) is not the same for all possible paths in 4, 
the function is said to be multiple-valued.t A function that is 
analytic at every point of a region 4 is necessarily single-valued in 
that region. In general, in order that a function f(z) be single- 
valued in a given region, it is necessary and sufficient that the func- 
tion return to its original value when the variable makes a circuit of 


= 





* In French the term wniforme or the term monodrome is used. — TRANS. 
+ In French the term multiforme is used. — TRANS. 
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any closed path whatever. If, in fact, in going from the point A to 
the point B by the two paths AMB (Fig. 6) and ANB, we arrive in 
the two cases at the point B with the same determination of f(z), it 
is obvious that, when the variable is made to describe the closed 

curve AMBNA, we shall return to the point 


y A with the initial value of f(z). 
Conversely, let us suppose that, the varia 
ble having described the path AMBNA, we 
A Hal 
Fic. 6 return to the point of departure with the 


initial value w,; and let wu, be the value of the 
function at the point B after z has described the path AWB. When 
x describes the path BNA, the function starts with the value w, and 
arrives at the value u,; then, conversely, the path ANB will lead 
from the value wu, to the value u,, that is, to the same vaiue as the 
path AMB. 

It should be noticed that a function which is not single-valued in a 
region may yet have no critical points in that region. Consider, for 
example, the portion of the plane included between two concentric cir- 
cles C, C' having the origin for center. The function w= z’™ has no 
critical point in that region ; still it is not single-valued in that region, 
for if z is made to describe a concentric circle between C and C’, the 
function 2” will be multiplied by cos (2 m/m) + isin (2 7/m). 


Il. POWER SERIES WITH COMPLEX TERMS. ELEMENTARY 
TRANSCENDENTAL FUNCTIONS 


8. Circle of convergence. The reasoning employed in the study of 
power series (Vol. I, Chap. IX) will apply to power series with 
complex terms; we have only to replace in the reasoning the phrase 
“absolute value of a real quantity” by the corresponding one, 
“absolute value of a complex quantity.” We shall recall briefly the 
theorems and results stated there. Let 


(9) A tae +a, +--+ a,2*+--- 
be a power series in which the coefficients and the variable may have 
any imaginary values whatever. Let us also consider the series of 
absolute values, 

(10) A, +A r+Ar7 +--+ A,r? +.--., 


where A;=|a,;|,7=|z|. We can prove (I, § 181, 2ded.; §177, 
1st ed.) the existence of a positive number R such that the series 
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(10) is convergent for every value of »< R, and divergent for every 
value of r>R. The number F is equal to the reciprocal of the 
greatest limit of the terms of the sequence 


“/ Ay </ i, re ae A Sie, 


n) 
and, as particular cases, it may be zero or infinite. 

From these properties of the number R it follows at once that the 
series (9) is absolutely convergent when the absolute value of z is 
less than R. It cannot be convergent for a value z, of z whose abso- 
lute value is greater than R, for the series of absolute values (10) 
would then be convergent for values of 7 greater than R (I, § 181, 
2d ed.; § 177, 1st ed.). If, with the origin as center, we describe in 
the plane of the variable z a circle C of radius R (Fig. 7), the power 
series (9) is absolutely convergent for every value of z inside the 
circle C, and divergent for every value of z outside; for this reason 
the circle is called the circle of convergence. In a point of the circle 
itself the series may be convergent or divergent, according to the 
particular series.* 

In the interior of a circle C' concentric with the first, and with a 
radius R' less than R, the series (9) is uniformly convergent. For 
at every point within C’ we have evidently 


A 


vp 


I tp 
[tn 412"*? eee On 4 pe" *?| Agate Slate orc Ag, 


and it is possible to choose the integer n so large that the second 
member will be less than any given positive number ¢, whatever » 
may be. From this we conclude that the sum of the series (9) is a 
continuous function f(z) of the variable z at every point within the 
circle of convergence (§ 2). 

By differentiating the series (9) repeatedly, we obtain an unlimited 
number of power series, f,(2), f.(2))°*+» Sa(2),°°+, which have the 
same circle of convergence as the first (I, § 183, 2d ed.; § 179, 
1st ed.). We prove in the same way as in § 184, 2d ed., that f,() 
is the derivative of f(z), and in general that f,(z) is the derivative 





* Let f(z) = Zanz” be a power series whose radius of convergence fF is equal to 1. 
If the coefficients dg, 1, dg, +*:, are positive decreasing numbers such that a ap- 
proaches zero when n increases indefinitely, the series is convergent in every point 
of the circle of convergence, except perhaps for z=1. In fact, the series Zz", where 
|z|=1, is indeterminate except for z=1, for the absolute value of the sum of the first 
n terms is less than 2/|1— |; it will suffice, then, to apply the reasoning of § 166, Vol. I, 
based on the generalized lemma of Abel. In the same way the series dp — a 2+ dg2?—->-, 
which is obtained from the preceding by replacing z by — 2, is convergent at all the 
points of the circle |z|=1, except perhaps for z=~—1. (Cf. I, § 166.) 
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of f,1(z). Every power series represents therefore an analytic func- 
tion in the interior of its circle of convergence. There is an infinite 
sequence of derivatives of the 
given function, and all of them 


are analytic functions in the 
same circle. Given a point z 
inside the circle C, let us 
draw a circle ¢ tangent to 
the circle C in the interior, 
with the given point as cen- 
ter, and then let us take a 
point z + / inside ¢; if 7 and 
p are the absolute values of 
z and h, we have r+p<R 
(Fig. 7). The sum f(z + h) 


Fic. 7 of the series is equal to the 
sum of the double series 


a +4,2 +42 +--+ +a,2"4+-- 
+a,h+2a,zh+---+na,z"7h+- 


: n(n — 1) 
+ 4,h? ‘Poste 


(11) ay, an 22 4 é 


when we sum by columns. But this series is absolutely convergent, 
for if we replace each term by its absolute value, we shall have a 
double series of positive terms whose sum is 


A, Hed Wich p yee ey +A,(7 + p)*+ aril 


We can therefore sum the double series (11) by rows, and we have 
then, for every point z + / inside the circle e, the relation 


h? ii 
(12) feth)=fe+ Aft a val®) + a a ~ f(2)+ : 


The series of the second member is surely convergent so long as 
the absolute value of / is less than R — 7, but it may be convergent 
in a larger circle. Since the functions f(z), f,(2), +++, f(@), +++ are 
equal to the successive derivatives of f(z), the formula (12) is 
identical with the Taylor development. 

If the series (9) is convergent at a point Z of the circle of con- 
vergence, the sum (7) of the series is the limit approached by the 
sum f(z) when the point « approaches the point Z along a radius 
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which terminates in that point. We prove this just as in Volume I 
($182, 2d ed.; $178, Ist ed.), by putting z = 6Z and letting @ in- 
crease from 0'to 1. The theorem is still true when z, remaining inside 
the circle, approaches Z along a curve which is not tangent at Z to 
the circle of convergence.* 

When the radius F is infinite, the circle of convergence includes 
the whole plane, and the function f(z) is analytic for every value 
of z We say that this is an integral function ; the study of tran- 
scendental functions of this kind is one of the most important 
objects of Analysis.t We shall study in the following paragraphs 
the classic elementary transcendental functions. 


9. Double series. Given a power series (9) with any coefficients whatever, we 
shall say again that a second power series 2a, z”, whose coefficients are all real 
and positive, dominates the first series if for every value of n we have | a,|S a. 
All the consequences deduced by means of dominant functions (I, $§ 186-189, 
2d ed.; §§ 181-184, Ist ed.) follow without modification in the case of complex 
variables. We shall now give another application of this theory. 

Let 


(13) Jo(2) + A, (2) + Fo(2) + ++ + frlZ) +-°: 


be a series of which each term is itself the sum of a power series that converges 
in a circle of radius equal to or greater than the number R > 0, 


Fil) = Gig + MZ + oos + + GinZ™ + +> 


Suppose each term of the series (13) replaced by its development according to 
powers of z; we obtain thus a double series in which each column is formed by 
the development of a function f;(z). When that series is absolutely convergent 
for a value of z of absolute value p, that is, when the double series 


>> lam |p” 
2 2 
is convergent, we can sum the first double series by rows for every value of z 


whose absolute yalue does not exceed p. We obtain thus the development of 
the sum F(z) of the series (13) in powers of z, 


F(Z) =0o + 0,2 +--+ + dn2" + -->, 
Dn = Mon + Gin + +++ + din +225, (x = 0, 1, 2, ---). 
This proof is essentially the same as that for the development of f(z + h) in 
powers of h. 
Suppose, for example, that the series f;(z) has a dominant function of the 
form M;r/(r — z), and that the series 2M; is itself convergent. In the double 





* See Picarp, Traité d’Analyse, Vol. II, p. 73. 

+ The class of integral functions includes polynomials as a special case. If there 
are an infinite number of terms in the development. we shall use the expression 
integral transcendental funation, — TRANS, 
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b 


series the absolute value of the general term is less than M;|z|"/7. If |z| <7, 
the series is absolutely convergent, for the series of the absolute values is 
convergent and its sum is less than r2M;/(r —|z)). 


10, Development of an infinite product in power series. Let 
F(z) = (1+ u) (1+ %) ++ (L$ ttn) «+ 


be an infinite product where each of the functions wu; is a continuous function 
of the complex variable z in the region D. If the series £U;, where U; = |u|, 
is uniformly convergent in the region, F(z) is equal to the sum of a series that 
is uniformly convergent in D, and therefore represents a continuous function 
(I, §§ 175, 176, 2d ed.). When the functions wu, are analytic functions of z, it fol- 
lows, from a general theorem which will be demonstrated later (§ 39), that the 
same is true of F(z). 
For example, the infinite product 


F@)=2-2)(1-2)...(1-4)... 


represents a function of z analytic throughout the entire plane, for the series 
=|z|?/n? is uniformly convergent within any closed curve whatever. This 
product is zero for z= 0, +1, + 2,--- and for these values only. 

We can prove directly that the product F(z) can be developed in a power 
series when each of the functions u; can be developed in a power series 


Ui(Z) = Gin + MaZ + +++ 4+ Gin" + ++, (i= 0, 1, 2,--+), 


>> inl 
ant 


is convergent for a suitably chosen positive value of r. 
Let us set, as in Volume I (§ 174, 2d ed.), 


such that the double series 


Uy = 1+ %, Un = (1 + Up) (1 # Uy) +++ (LE + Un 1) tn. 
It is sufficient to show that the sum of the series 
(14) Vp + Vy tee + eee, 


which is equal to the infinite product F(z), can be developed in a power series. 
Now, if we set 
U; =| diol + laal|z +--+ + [diner o-, 


it is clear that the product 
v, = (1+ ug) (1+ uj) +--+ uy _y)u’, 


is a dominant function for v,. It is therefore possible to arrange the series (14) 
according to powers of z if the following auxiliary series 


(15) CAE A Sa Oa a Sa 


can be so arranged. 
If we develop each term of this last series in power series, we obtain a 
double series with positive coefficients, and it is sufficient for our purpose to 
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prove that the double series converges when z is replaced by r. Indicating by 
U;, and V>, the values of the functions u’, and v, for z = r, we have 


V;, = (1+ Uy) (1+ Uj) --- (+ U1) U,, 
and therefore 
VotVi+---+V, =(1+ U)---(1+ U,), 
or, again, 
VotVat 4 Vi < emote +t, 


When n increases indefinitely, the sum Uj + --- + U, approaches a limit, since 
the series ZU; is supposed to be convergent. The double series (15) is then 
absolutely convergent if |z|=r; the double series obtained by the development 
of each term v, of the series (14) is then a fortiori absolutely convergent within 
the circle C of radius r, and we can arrange it according to integral powers of z. 

The coefficient b, of z? in the development of F(z)is equal, from the above, to the 
limit, as n becomes infinite, of the coefficient b,,of z? in the sum Vt y+-°++ Un, 
or, what amounts to the same thing, in the development of the product 


Py, = (1+ Up) (1+ 44) +++ (1+ un). 


Hence this coefficient can be obtained by applying to infinite products the 
ordinary rule which gives the coefficient of a power of z in the product of a 
finite number of polynomials. For example, the infinite product 


F(z) =(1+ 2) (14 2) (1424) --- (14 2") --- 


can be developed according to powers of z if |z| <1. Any power of z whatever, 
say 2, will appear in the development with the coefficient unity, for any posi- 
tive integer NV can be written in one and only one way in the form of a sum of 
powers of 2. We have, then, if |z|<1, 


(16) F(izj=14+ 24+ 240-4 pe ' 





which can also be very easily obtained by means of the identity 


hose n—1 
Ht Qt At) t2"7). 


11. The exponential function. The arithmetic definition of the ex- 
ponential function evidently has no meaning when the exponent is 
a complex number. In order to generalize the definition, it will be 
necessary to start with some property which is adapted to an exten- 
sion to the case of the complex variable. We shall start with the 
property expressed by the functional relation 


az x aw’ — qzrte. 


Let us consider the question of determining a power series f (2), con- 
vergent in a circle of radius R, such that 


(17) SEFB)=LEFE) 


when the absolute values of z, 2', +2!’ are less than R, which will 
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n R/2. If we put 2’ =0 








in the above eran a sia 
S@)=fOE) FO). 


Hence we must have (0) =1, and we shall write the desired series 


A ay bat ay 22 Pia an 
Oe aie +° eee 
Let us replace successively in that series z by At, then by A't, where 
rand A! are two constants and ¢ an auxiliary variable; and let us 
then multiply the resulting series. This gives 


FANON =LEL AFA 


ay 1 


n! 


(a +3 eS Bp 14, NERO IE ogg Se un") va oo 


On the other hand, we have 
FACFND=LEFQAPAEH FH ALAN + 


The equality f(At + A'Z) = f(At) f(A't) is to hold for all values of 
A, A/, ¢ such that |A| <1, |A'| <1, |¢|< R/2. The two series must 
then be identical, that is, we must have 


n(A + A!)" = a,A" + CG, GN aN 


n(n —1) 


rs 1e2 


29, ai Wiles OCS Wha 


and from this we can deduce the equations 


An = An —1 %) Ch, = Uy, 2 2) ver) 


all of which can be expressed in the single condition 


(18) a = A,0 


ptq ‘pq? 


where p and g are any two positive integers whatever. In order to 
find the general solution, let us suppose g=1, and let us put 
successively p =1, p = 2, p =3,---; from this we find a, = a2, then 
4,= Aft, =, +++, and finally a, = a*. The expressions thus obtained 
satisfy the condition (18), and the series sought is of the form 


4") DD GO... 


aye 


She) ae 
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This series is convergent in the whole plane, and the relation 


fe+2) =/@S@) 
is true for all values of z and 2’. 


The above series depends upon an arbitrary constant a,. Taking 
a, =1, we shall set 


e=1+ 


z 


22 an 
‘ie hil: 


so that the general solution of the given problem is e%*. The inte- 
gral function e* coincides with the exponential function e” studied in 
algebra when ~% is real, and it always satisfies the relation 


er + =x eC, 
whatever z and 2’ may be. The derivative of e* is equal to the func- 
tion itself. Since we may write by the addition formula 


c+ yt —. px pyt 
e SS Oe". 


in order to calculate ¢* when z has an imaginary value x + yi, it is 
sufficient to know how to calculate e”. Now the development of e” 
can be written, grouping together terms of the same kind, 
2 4 3 5 

i ea aa Meroe ee EN Ze : 

ev = + +i(4 317 Bt --:) 
We recognize in the second member the developments of cos y and 
of siny, and consequently, if y is real, 


ev” = cosy +isiny. 
Replacing e” by this expression in the preceding formula, we have: 
(19) e+" = e*(cosy +isiny); 


the function e**" has e* for its absolute value and y for its angle. 
This formula makes evident an important property of e*; if z 
changes to z+ 27i, x is not changed while y is increased by 27, 
but these changes do not alter the value of the second member of 
the formula (19). We have, then, 


ezt 27t Gs 
that is, the exponential function e* has the period 2 mi. 
Let us consider now the solution of the equation e* = A, where A 


is any complex quantity whatever different from zero. Let p and w 
be the absolute value and the angle of 4; we have, then, 


HOA) ees} IOS , ay 4 —_— IMS , oy 
et” = e*(cos y +.¢8iN ¥) = p(COS w + 7 SiN w), 
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from which it follows that 
C= Pp» Y= a 2 kr. 


From the first relation we find x = log p, where the abbreviation log 
shall always be used for the natural logarithm of a real positive 
number. On the other hand, y is determined except for a multiple 
of 2a. If A is zero, the equation e” = 0 leads to an impossibility. 
Hence the equation e* = A, where A is not zero, has an infinite num- 
ber of roots given by the expression log p + i(w + 2kr); the equation 
e? = 0 has no roots, real or imaginary. 


Note. We might also define ¢” as the limit approached by the poly- 
nomial (1+ z/m)" when m becomes infinite. The method used in 
algebra to prove that the limit of this polynomial is the series e* can 
be used even when z is complex. 


12. Trigonometric functions. In order to define sinz and cos <z 
when 2 is complex, we shall extend directly to complex values the 
series established for these functions when the variable is real. 
Thus we shall have 


a 23 2? 
sing = —~—.-+—~-... 
tL Gh * Gil , 

(20) oN 
cos z= 1 — eT ah 


These are integral transcendental functions which have all the 
properties of the trigonometric functions. Thus we see from the 
formule (20) that the derivative of sin z is cos z, that the derivative 
of cos z is — sin z, and that sin z becomes — sin z, while cos z does 
not change at all when z is changed to — z. 

These new transcendental functions can be brought into very close 
relation with the exponential function. In fact, if we write the ex- 
pansion of e*, collecting separately the terms with and without the 
factor 4, Speed ef 

Be Ye oe oy gncetate (eee eee 
Se OTT, +i(f- eu ) 
we find that that equality can be written, by (20), in the form 
e# = cosz +7 sing. 
Changing z to — z, we have again 
e~* = cosz — ising, 


and from these two relations we derive 
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et + ene. Bir) wet e — ey 
2 2% 

These are the well-known formule of Euler which express the 

trigonometric functions in terms of the exponential function. They 

show plainly the periodicity of these functions, for the right-hand 

sides do not change when we replace z by +277. Squaring and 

adding them, we have 


(21) cos 2 = 


cos? z + sin?z = 1. 
Let us take again the addition formula e@+*?! = ee, or 
cos (z + 2') + isin (2 + 2') 
= (cos z + ¢sin 2) (cos 2! + 7 sin 2’) 
= cos z cos z' — sin z sin z' + 7¢(sin z cos 2’ + sin z! cos 2), 


and let us change z to — z, z' to — z'. It then becomes 
cos (2 + 2') — isin (2 + 2’) 
= cos z cos z' — sin z sin 2’! — 7(sin 2 cos 2! + sin 2! cos 2), 
and from these two formule we derive 


cos (2 + 2') = cos z cos z' — sing sin 2! 

sin (2 + z') = sinz cos z' + sin z cos 2’. 
The addition formule and therefore all their consequences apply for 
complex values of the independent variables. Let us determine, for 
example, the real part and the coefficient of ¢ in cos (@ + yt) and 
sin (a + yi). We have first, by Euler’s formule, 
e~’ + e% Cl Nel 


Saal ee cosh y, sinyt = —>- 


whence, by the addition formule, 


cos yt = =isinhy; 


cos (2 + 1) = cos x cos yi — sin x sin yi = cos # cosh y — 7 sin # sinh y, 
sin (a + yi) = sina cos yi + cos x sin yt = sin x cosh y + 7 cos x sinh y. 


The other trigonometric functions can be expressed by means of 
the preceding. For example, 


(Ry $$ 





The right-hand side is a rational function of e?*; the period of the 
tangent is therefore 7. 
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13. Logarithms. Given a complex quantity z, different from zero, 
we have already seen (§ 11) that the equation e” = z has an infinite 
number of roots. Let u = « + yi, and let p and w denote the absolute 
value and angle of z, respectively. Then we must have 


Crp; y=ot+2kr. 


Any one of these roots is called the logarithm of z and will be 
denoted by Log (z). We can write, then, 


Log (2) = logp +t(w+ 2km), 


the symbol log being reserved for the ordinary natural, or Napierian, 
logarithm of a real positive number. 

Every quantity, real or complex, different from zero, has an 
infinite number of logarithms, which form an arithmetic progres- 
sion whose consecutive terms differ by 2 i. In particular, if z is a 
real positive number x, we have wo = 0. Taking k = 0, we find again 
the ordinary logarithm; but there are also an infinite number of 
complex values for the logarithm, of the form logx + 2k7i. If z is 
real and negative, we can take w = 7; hence all the determinations 
of the logarithm are imaginary. 

Let 2' be another imaginary quantity with the absolute value p' 
and the angle w’. We have 


Log (2') = log p' + t(o! + 2 k'r). 
Adding the two logarithms, we obtain 
Log (2) + Log (2') = log pp' + i[w + w! + 2(k + k') 7}. 


Since pp! is equal to the absolute value of zz’, and w + o! is equal to 
its angle, this formula can be written in the form 


Log (z) + Log (z') = Log (z2'), 


which shows that, when we add any one whatever of the values of 
Log (z) to any one whatever of the values of Log (z'), the sum is one 
of the determinations of Log (ze). 

Let us suppose now that the variable z describes in its plane any 
continuous curve whatever not passing through the origin; along 
this curve p and w vary continuously, and the same thing is true of 
the different determinations of the logarithm. But two quite distinct 
cases may present themselves when the variable z traces a closed 
curve. When z starts from a point z, and returns to that point after 
having described a closed curve not containing the origin within it, 
the angle of z takes on again its original value o,, and the different 
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determinations of the logarithm come back to their initial values. If 
we represent each value of the logarithm by a point, each of these 
points traces out a closed curve. On the contrary, if the variable z 
describes a closed curve such as the curve M,NMP (Fig. 35), the 
angle increases by 27, and each determination of the logarithm 
returns to its initial value increased by 27%. In general, when z 
describes any closed curve whatever, the final value of the logarithm 
is equal to its initial value increased by 2 k7ri, where & denotes a 
positive or negative integer which gives the number of revolutions 
and the direction through which the radius vector joining the origin 
to the point z has turned. It is, then, impossible to consider the dif- 
ferent determinations of Log(z) as so many distinct functions of z 
if we do not place any restriction on the variation of that variable, 
since we can pass continuously from one to the other. They are so 
many branches of the same function, which are permuted among 
themselves about the critical pomt z= 0. 

In the interior of a region which is bounded by a single closed curve 
and which does not contain the origin, each of the determinations of 
Log (z) is a continuous single-valued function of z. To show that it 
is an analytic function it is sufficient to show that it possesses a 
unique derivative at each point. Let 2 and 2, be two neighboring 
values of the variable, and Log (z), Log (z,) the corresponding values 
of the chosen determination of the logarithm. When z, approaches 
z, the absolute value of Log (z,) — Log (z) approaches zero. Let us put 
Log (2) = u, Log (z,) = u,; then 


Log (#,) — Log(z) _ wu —u 


Z,—2 e“1 — e” 
xa | 


When w, approaches w, the quotient 


approaches as its limit the derivative of ¢"; that is, e” or z. Hence 
the logarithm has a uniquely determined derivative at each point, 
and that derivative is equal to 1/z. In general, Log(z — a) has an 
infinite number of determinations which permute themselves about 
the critical point z = a, and its derivative is 1/(z — a). 

The function 2”, where m is any number whatever, real or complex, 
is defined by means of the equality 


ym — pm Log (2)_ 
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Unless m be a real rational number, this function possesses, just as 

does the logarithm, an infinite number of determinations, which per- 

mute themselves when the variable turns about the point z = 0. It is 

sufficient to make an infinite cut along a ray from the origin in 

order to make each branch an analytic function in the whole plane. 
The derivative is given by the expression 


m em Log (z) — mez nae 
z 


and it is clear that we ought to take the same value for the angle 
of z in the function and in its derivative. 


14. Inverse functions: arc sinz, arctanz. The inverse functions 
of sin 2, cos 2, tan z are defined in a similar way. Thus, the function 
wu = are sin z is defined by the equation 

Resin, 
In order to solve this equation for u, we write 


et Oz ua e241 


2. 


° =o ae cuEee, 
2% 2 te 





and we are led to an equation of the second degree, 
(22) U? — 2izU —1=0, 


to determine the auxiliary unknown quantity U =e. We obtain 
from this equation 


(23) U =iz + V1— 2, 
or 


(24) u = aresin'2 = : Log (iz + V1— z). 


The equation z = sin w has therefore two sequences of roots, which 
arise, on the one hand, from the two values of the radical V1 — z?, 
and, on the other hand, from the infinite number of determinations 
of the logarithm. But if one of these determinations is known, 
all the others can easily be determined from it. Let U! = p'e”’ and 
U" = ple” be the two roots of the equation (22); between these 
two roots exists the relation U'U'' =—1, and therefore p'p"’ =1, 
o'+''=(2n+1)7. It is clear that we may suppose w"” = 7 — a), 
and we have then 


Log (U') = log p' + t(w! + 2k'r), 
Log (U") = — log p! + t (a4 — w! + 2k"). 
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Hence all the determinations of aresinz are given by the two 
formule 

are sin 2 = w' + 2k'm — i log p’, 

are sinz = 3 + 2k"r — w' + i log p’, 
and we may write 

(A) arc sing = u' + 2k’, 

(B) are sinz = (2k" +1)a7 — wv, 
where u' = w! — ¢ log p’. . 

When the variable z describes a continuous curve, the various 
determinations of the logarithm in the formula (24) vary in general 
in a continuous manner. The only critical points that are possible 
are the points z = +1, around which the two values of the radical 
V1— 2 are permuted; there cannot be a value of z that causes 
iz + V1— 2’ to vanish, for, if there were, on squaring the two sides 
of the equation iz = + V1— 2? we should obtain 1= 0. 

Let us suppose that two cuts are made along the axis of reals, one 
going from — « to the point —1, the other from the point + 1 to 
+o. If the path described by the variable is not allowed to cross 
these cuts, the different determinations of arc sin z are single-valued 
functions of z. In fact, when the variable z describes a closed curve 
not crossing any of these cuts, the two roots U', U" of equation (22) 
also describe closed curves. None of these curves contains the 
origin in its interior. If, for example, the curve described by the 
root U' contained the origin in its interior, it would cut the axis Oy 
in a point above Ox at least once. Corresponding to a value of U of 
the form ia (a > 0), the relation (22) determines a value (1 + a@)/2a 
for z, and this value is real and >1. The curve described by the 
point z would therefore have to cross the cut which goes from 
+1to+o. 

The different determinations of arc sin z are, moreover, analytic 
functions of z.* For let w and u, be two neighboring values of 





* If we choose in U=iz+V1-—2Z? the determination of the radical which reduces to 
1 when z=0, the real part of U remains positive when the variable z does not cross 
the cuts, and we can put U= Re’®, where @ lies between — 7/2 and + 7/2. The cor- 
responding value of (1/1) Log U, namely, 


are sin zm Log U=6-iLog R, 
4 


is sometimes called the principal value of are sinz. It reduces to the ordinary deter- 
mination when z is real and lies between —1 and +1. 
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) 


are sinz, corresponding to two neighboring values # and 2, of the 
variable. We have 





Uy Ue UU, — U 


. 


#—# sinu,—sinw 


When the absolute value of w,— approaches zero, the preceding 
quotient has for its limit 


imate ciatt 


COS {23 








The two values of the derivative correspond to the two sequences 
of values (A) and (B) of are sin z. 

If we do not impose any restriction on the variation of z, we can 
pass from a given initial value of are sinz to any one of the detev- 
minations whatever, by causing the variable 2 to describe a suitable 
closed curve. In fact, we see first that when z describes about the 
point z =1 a closed curve to which the point z = — 1 is exterior, 
the two values of the radical V1— 2? are permuted and so we pass 
from a determination of the sequence (A) to one of the sequence (B). 
Suppose next that we cause z to describe a circle of radius F(R > 1) 
about the origin as center; then each of the two points U', U" describes 
a closed curve. To the point z= +R the equation (22) assigns two 
values of U, U'= ia, U" = iB, where @ and £B are positive; to the 
point zg =— R there correspond by means of the same equation the 
values U'=— ia', U''=— if', where a@' and £' are again positive. 
Hence the closed curves described by these two points U', U" eut the 
axis Oy in two points, one above and the other below the point 0; 
each of the logarithms Log (U'), Log(U") increases or diminishes 
by 2 7. 

In the same way the function are tan z is defined by means of 
the relation tan wu = 2, or 








Ge — i 
‘Gama 
whence we have ow Ll t+w#w i-e 
é SS 
1l—iz i+2’ 
and consequently il i—2 
are tan z = => Log(- . 

24 ite 


This expression shows the two logarithmic critical points + é of the 
function are tanz. When the variable z passes around one of these 
points, Log [(¢ — z)/(¢ + 2)] increases or diminishes by 272, and 
are tan z increases or diminishes by 7. 
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15. Application to the integral calculus. The derivatives of the func- 
tions which we have just defined have the same form as when tha 
variable is real. Conversely, the rules for finding primitive functions 
apply also to the elementary functions of complex variables. Thus, 
denoting by {/f(z)dz a function of the complex variable z whose 
derivative is f(z), we have 


Adz A 1 
we 10) este au @—ayp-? eee), 
j= =A Log (z — a). 


These two formule enable us to find a primitive function of any 
rational function whatever, with real or imaginary coefficients, pro 
vided the roots of the denominator are known. Consider as a special 
case a rational function of the real variable « with real coefficients. 
If the denominator has imaginary roots, they occur in conjugate 
pairs, and each root has the same multiplicity as its conjugate. 
Let @ + Bi and a — Bi be two conjugate roots of multiplicity p. In 
the decomposition into simple fractions, if we proceed with the 
imaginary roots just as with the real roots, the root a+ Bi will 
furnish a sum of simple fractions 


M+Nyi , My + Ny 4 Me + Nps 
x—-a—Bi («—a— Bi)? Cm Oar 


and the root a — Bi will furnish a similar sum, but with numerators 
that are conjugates of the former ones. Combining in the primitive 
function the terms which come from the corresponding fractions, we 
shall have, if »>1, 











M+ Nyt 

Cy amas ica a 
aE! M, + N,i M, — N,i 
setae se, pi)?-* Res, 


1 (M,+N,i) («@ —@+ Bi)?7* + 
ae 1 [(@ —@)? + B7]?~* 


and the numerator is evidently the sum of two conjugate imaginary 
polynomials. If p =1, we have 


a 
x—-a— Bp we Pe be eet 


=(M, +N, Log] (x — @) — Bi) +(M, — Nt) Log([(@ — @) + Bi] 
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If we replace the logarithms by their developed expressions, there 
remains on the right-hand side 





M, log [(a — @)’ + B?]+ 2 N, are tan = B 


It suffices to replace 








by z — are tan — 2 = 
in order to express the result in the form in which it is obtainec 
when imaginary symbols are not used. 

Again, consider the indefinite integral 


are tan 
4b) —_— 


dx 
| FSS 


which has two essentially different forms, according to the sign of 
A, The introduction of complex variables reduces the two forms toa 
single one. In fact, if in the formula 


dx aaa 
ieee Can 1 + 2?) 


we change x to iz, there results 


d 1 
Sieran ta oe ee 


and the right-hand side represents precisely arc sin a. 

The introduction of imaginary symbols in the integral calculus 
enables us, then, to reduce one formula to another even when the 
relationship between them might not be at all apparent if we were 
to remain always in the domain of real numbers. 

We shall give another example of the simplification which comes 
from the use of imaginaries. If a and 6 are real, we have 








iy Ce i 
(a i)x = 
e d= > = >—;} e“ (cos 6a + 1 81in bx 
yh atbi a+ . ( . 


Equating the real parts and the coefficients of 7, we have at one stroke 
two integrals already calculated (I, § 109, 2d ed.; § 119, 1st ed.): 


Ty ee e** (a cos ba + b sin ba) 
a + BP 


Pee rr e** (@ sin ba — 6 cos ba) 
4 y y ae ur RP 


? 
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In the same way we may reduce the integrals 


fe e* cos ba dx, fe e* sin bx dar 


to the integral fa™e@**dx, which can be calculated by a succession 
of integrations by parts, where m is any integer. 


16. Decomposition of a rational function of sinz and cosz into 
simple elements. Given a rational function of sinz and cos 2, 
F (sin 2, cos z), if in it we replace sin z and cos z by their expressions 
given by Euler’s formula, it becomes a rational function R(¢) of 
+= e*, This function R(t), decomposed into simple elements, will be 
made up of an integral part and a sum of fractions coming from 
the roots of the denominator of R(#). If that denominator has the 
root ¢ = 0, we shall combine with the integral part the fractions aris- 
ing from that root, which will give a polynomial or a rational function 
R, (¢) = 3K,,t”, where the exponent m may have negative values. 

Let ¢ = @ be a root of the denominator different from zero, That 
root will give rise to a sum of simple fractions 


1 2 Ay 
Uber enemy ie ees 


The root a not being zero, let @ be a root of the equation e =a; 
then 1/(¢— a) can be expressed very simply by means of ctn [(z— a@)/2). 
We have, in fact, 

en ao et 


z2—a 2 et 
Y a ev! — e s=i(1+5 =); 








etn 4) 


whence it follows that 
1 1 af 1 =“). 
Fag ere gal chit any 


Hence the rational fraction f(¢) changes to a polynomial of degree 
n in ctn [(z — a) /2), 














A, + Aictn = 4+ Ay etn (= 5 St) 4+ tac etnn(FS*). 


se 
The successive powers of the cotangent up to the nth can be ex- 
pressed in turn in terms of its successive derivatives up to the 


(n —1)th; we have first 


OUI Meee Eee sip e 
dz sin? « 





36 ELEMENTS OF THE THEORY [I, § 16 


which enables us to express ctn?z in terms of d(ctn )/dz, and it is 
easy to show, by mathematical induction, that if the law is true up 
to ctn” z, it will also be true for ctn"*?z. The preceding polynomial 
of degree m in ctn[(z — a)/2] will change to a linear expression in 
etn[(z — @)/2] and its derivatives, 





ae an pe roe 
A, + A, etn “>= “4 4,5 en Tete Ae etn 9 . 
Let us proceed in the same way with all the roots J, ¢, ---, ¢ of the 


denominator of R(¢) different from zero, and let us add the results 
obtained after having replaced ¢ by e* in R,(¢). The given rational 
function F (sin z, cos z) will be composed of two parts, 


(25) F(sin z, cos 2) = ®(2)+ V(@). 


The function @(z), which corresponds to the integral part of a 
rational function of the variable, is of the form 


(26) &(z) = C + 3(@,, cos mz + B,, sin mz), 


where m is an integer not zero. On the other hand, ¥ (2), which cor- 
responds to the fractional part of a rational function, is an expression 
of the form 


2—@ ad 2—@ Ca ‘2 — a 
¥(2)= Aetn( 5) )+4,Zetn( 5) re MS Aare at etn (2) 


a 1 a ea z— 
+ B,ctn(5*)+ B,~ ctn( 5 4 an +B, etn( ®) 














It is the function ctn[(¢ — @)/2] which here plays the réle of the 
simple element, just as the fraction 1/(z — @) does for a rational 
function. The result of this decomposition of F(sin 2, cos 2) is easily 
integrated; we have, in fact, 


(27) fom (? S *) dz = 2 Log sin (: > “)|, 


and the other terms are integrable at once. In order that the primi- 
tive function may be periodic, it is necessary and sufficient that all 
the coefficients C, ,, B,, +++ be zero. 

In practice it is not always necessary to go through all these suc- 
cessive transformations in order to put the function F (sin 2, cos ) into 
its final form (25). Let @ be a value of z which makes the function 

F infinite. We can always calculate, by a simple division, the 
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coefficients of (« ~ a)", (« — a)-*, --+, in the part that is infinite 
for = a (I, § 188, 2d ed.; § 183, 1st ed.). On the other hand, we have 





z2—a 2 
otn(*5*)= — + Pe 0), 


where P(z — @) is a power series; equating the coefficients of the 
successive powers of (z — a) in the two sides of the equation (25), 
we shall then obtain easily ,, A,,---, A, 

Consider, for example, the function 1/(cosz— cosa). Setting 
e* = t, e* =a, it-takes the form 

2 at 
a(@+1)—t(@ +1) 

The denominator has the two simple roots t= a, ¢=1/a, and the 
numerator is of lower degree than the denominator. We shall have, 
then, a decomposition of the form 


1 A z2—-a z+a 
Rage conan eos EO 2 ron ieun 9 








In order to determine /J, let us multiply the two sides by z — a, and 
let us then put z =a. This gives 4 =—1/(2sina@). In a similar 
manner, we find B =1/(2 sina). Replacing 4 and 8 by these values 
and setting z = 0, it is seen that C = 0, and the formula takes the form 


cosz—cosa 2sina 2 





Let us now apply the general method to the integral powers of sinz and 
of cosz. We have, for example, 
ext + e-2i\m 
(cosz)™ = (“t-) : 
2 
Combining the terms at equal distances from the extremities of the expansion 
of the numerator, and then applying Euler’s formule, we find at once 


WN) caine 2 Sine, 


(2 cosz)™ = 2 cosmz + 2m cos(m — 2)z + 2 
If m is odd, the last term contains cosz; if m is even, the term which ends the 
expansion is independent of z and is equal to m!/[(m/2)!]?. In the same way, 
if m is odd, 


.m(m— 1) 


(2isinz)™ = 2isinmz — 2im sin (m — 2)z + 2% sin (m— 4)z---; 


and if m is even, a 
= m! 
(2i sin z)™ = 2 cosmz — 2mcos(m — 2)z +--+ +(—1)? ——. 


(F) 


These formulz show at once that the primitive functions of (sinz)™ and of 
(cosz)™ are periodic functions of z when m is odd, and only then. 
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Note. When the function F(sin 2, cos 2) has the period 7, we can 
express it rationally in terms of e** and can take for the simple 
elements ctn (2 — a), ctn(# — B),+-:- 


17. Expansion of Log (1+ z). The transcendental functions which 
we have defined are of two kinds: those which, like e*, sin z, cos 2, are 
analytic in the whole plane, and those which, like Log z, arc tan 2, - - -, 
have singular points and cannot be represented by developments in 
power series convergent in the whole plane. Nevertheless, such 
functions may have developments holding for certain parts of the 
plane. We shall now show this for the logarithmic function. 

Simple division leads to the elementary formula 











1 il 2 3 NaN cil . 
eas —z+2—24...4(—-1)% igs 
and if |z|<1, the remainder z"*1/(1+4 2) approaches zero when 2 
increases indefinitely. Hence, in the interior of a circle C of radius 1 
we have Pat Oe ey sy See ae et eee 
1+z 
Let F(z) be the series obtained by integrating this series term by term: 
a Py wo as antl 
UG) ae tere eget ea 


this new series is convergent inside the unit circle and represents 
an analytic function whose derivative F'(z) is 1/+ z). We know, 
however, a function which has the same derivative, Log (1+ 2). It 
follows that the difference Log (1+ z) — F(z) reduces to a constant.* 
In order to determine this constant it will be necessary to fix pre- 
cisely the determination chosen for the logarithm. If we take the 
one which becomes zero for z = 0, we have for every point inside C 
ae eee eS 
Let us join the point A to the point M, which represents z (Fig. 8). 
The absolute value of 1+ is represented by the length 7 = AM. 
For the angle of 1+ 2 we can take the angle a which 4M makes 
with AO, an angle which lies between — a/2 and + 7/2 as long as 
the point M remains inside the circle C. That determination of the 


es 





* In order that the derivative of an analytic function X+ Yi be zero, it is neces- 
sary that we have (§ 3) 0X/éx=0, 0Y/dx=0, and consequently 0Y/dy=0X/dy=0; 
Xand Y are therefore constants. 
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logarithm which becomes zero for z = 0 is logr + t@; hence the 
formula (28) is not ambiguous. 





Fie. 8 


Changing z to — z in this formula and then subtracting the two 
expressions, we obtain 


oe ge) Cae kere ae 
tog(7=2)=2(5 +5 +5 yeah 


If we now replace z by iz, we shall obtain again the development of 


are tan 2 . 
1+ pom 
1 — vz 








al 
are tan z = a; Log( 


The series (28) remains convergent at every point on the circle of convergence 
except the point A (footnote, p. 19), and consequently the two series 


cos26@ cos8@ cos4@ 








pi Ace 

rae aaa Pitas 

sing — 3129 sin 30 SU 
2 3 4 


are both convergent except for 6 = (2k + 1) x (cf. I, § 166). By Abel’s theorem 
the sum of the series at M’ is the limit approached by the sum of the series at 
a point M as M approaches M’ along the radius OM’. If we suppose @ always 
between — 7 and + 7, the angle @ will have for its limit @/2, and the absolute 
value AM will have for its limit 2 cos (6/2). We can therefore write 


cos 24 cos Be cos 20% 





log (2 cos 5)= cos 8 — 








2 3 4 a 
6 sin2@  sin30 
wae aint 9 a= =600- —w<A<7). 
5 sin 3 + 3 (—7 7) 


If in the last formula we replace @ by 6 — 7, we obtain again a formula pre- 
viously established (I. § 204, 2d ed.: § 198, Ist ed.). 
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18. Extension of the binomial formula. In a fundamental paper on 
power series, Abel set for himself the problem of determining the 
sum of the convergent series 

b(m,2)=14 24 MOD 24 vee 
C!) poet 
t ee 
for all the values of m and 2, real or imaginary, provided we 
have |z|<1. We might accomplish this by means of a differential 
equation, in the manner indicated in the case of real variables 
(J, § 183, 2d ed.; § 179, 1st ed.). The following method, which gives 
an application of § 11, is more closely related to the method fol- 
lowed by Abel. We shall suppose z fixed and |z|<1, and we 
shall study the properties of @(m, z) considered as a function of m. 
If m is a positive integer, the function evidently reduces to the 
polynomial (1+ 2)". If m and m' are any two values whatever of 
the parameter m, we have always 


(30) p(m, 2)p(m', z)= b(m + m’, z). 
In fact, let us multiply the two series @(m, 2), @(m', z) by the ordi- 
nary rule. The coefficient of z? in the product is equal to 


(31) My + My_yM + My_ 2M, + +++ + Mm, _1 +m, 


where we have set for abbreviation 


paps AA Neal Ls 8 SL 


k! 


ZP 4+ oes 


The proposed functional relation will be established it we show 
that the expression (31) is identical with the coefficient of z? in 
o(m +m, z), that is, with (m+ m'),. We could easily verify directly 
the identity 


(32) (m + m’), = my + m,_1m +++ +m, 


but the computation is unnecessary if we notice that vhe relation 
(30) is always satisfied whenever m and m! are positive integers. 
The two sides of the equation (32) are polynomials in m and m! 
which are equal whenever m and m! are positive integers; they 
are therefore identical. 

On the other hand, $(m, 2) can be expanded in a power series 
of increasing powers of m. In fact, if we carry out the indicated 
products, @(m, 2) can be considered as the sum of a double series 
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$ (mys) mL Tem FP Tt we ha E oe 
LL Ee 
(33) ee tere 
ge i ili ga 
6 jue 


if we sum it by columns. This double series is absolutely convergent. 
For, let |z]= p and |m|=o; if we replace each term by its absolute 
value, the sum of the terms of the new series included in the 
(p +1)th column is equal to 


o(o +1)--+(o+p—1) 3 
4 p 


! ? 


p! 
which is the general term of a convergent series. We can therefore 


sum the double series by rows, and we thus obtain for $(m, 2) a 
development in power series 


le ge a, a. 
b(m, Z=lb yp m+ 


From the relation (30) and the results established above (§ ay 
this series must be identical with that for e™”. Now for the coeffi- 
cient of m we have 





pe tees 


yg. 
a —ataa = Log +2); 


Sensi 
hence calli 


(34) Ce) (m, z) = emLog (lt *), 


where the determination of the logarithm to be understood is that 
one which becomes zero when z= 0. We can again represent the 
last expression by (1+ 2)”; but in order to know without ambiguity 
the value in question, it is convenient to make use of the expression 
ig Log (1+ 2) 

Let m= y+ vi; if r and @ have the same meanings as in the 
preceding paragraph, we have 

em Log (1+ LD) ot + vi) (log r + ia) 


= ehler—valcos (ua + v logr) + isin (ua + v logr)]. 


In conclusion, let us study the series on the circle of convergence. Let U,, 
be the absolute value of the general term for a point z on the circle. The ratio of 
two consecutive terms of the series of absolute values is equal to | (m—n+1)/n|, 
that is, if m= y+ vi, to 

ar 2 
V(4ut+1—n) ails ee aa ual Ae Ap 


a. n ne 
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where the function @(n) remains finite when n increases indefinitely. By a 
known rule for convergence (I, § 163) this series is convergent when w+ 1>1 
and divergent in every other case. The series (29) is therefore absolutely con- 
vergent at all the points on the circle of convergence when p is positive. 

If « + 1 is negative or zero, the absolute value of the general term never 
decreases, since the ratio U;,41/U; is never less than unity. The series is diver- 
gent at all the points on the circle when w= —1. 

It remains to study the case where —1<,~=20. Let us consider the series 
whose general term is U2; the ratio of two consecutive terms is equal to 


[2-244 4 20a 1 POTD AM, 
n n n n 





and if we choose p large enough so that p(u + 1) >1, this series will be conver- 


gent. It follows that U?, and consequently the absolute value of the general 


term U,, approaches zero. This being the case, in the identity 
$ (m, z)(1 at 2) =¢(m+1, 2) 


let us retain on each side only the terms of degree less than or equal to n; 
there remains the relation 
m(m—1)--- (m—n+ 1), 


Sy (1 = 8’ 
(l+z)=8, + a 


nm+1 
: 


where S, and S; indicate respectively the sum of the first (n +1) terms of 
o(m, z) and of ¢(m-+1, z). If the real part of m lies between — 1 and 0, the 
real part of m+ 1 is positive. Suppose |z| =1; when the number n increases 
indefinitely, S° approaches a limit, and the last term on the right approaches 
zero ; it follows that S, also approaches a limit, unless 1+ z2=0. Therefore, 
when —1< p= 0, the series is convergent at all the points on the circle of conver- 
gence, except at the point z =— 1. 


Ill. CONFORMAL REPRESENTATION 


19. Geometric interpretation of the derivative. Let «= + Yi bea 
function of the complex variable z, analytic within a closed curve C. 
We shall represent the value of wu by the point whose codrdinates are 
X, Y with respect to a system of rectangular axes. To simplify the 
following statements we shall suppose that the axes OX, OY are par- 
allel respectively to the axes Ox and Oy and arranged in the same order 
of rotation in the same plane or in a plane parallel to the plane «Oy. 

When the point 2 describes the region A bounded by the closed 
curve C, the point «w with the codrdinates (X, Y) describes in its 
plane a region A'; the relation « = f(z) defines then a certain corre- 
spondence between the points of the two planes or of two portions of 
a plane. On account of the relations which connect the derivatives of 
the functions X, Y, it is clear that this correspondence should possess 
special properties. We shall now show that the angles are unchanged. 
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Let z and z, be two neighboring points of the region A, and w and 
u, the corresponding points of the region A’. By the original defini- 
tion of the derivative the quotient (u, — u)/(z, — 2) has for its limit 
J'(#) when the absolute value of z,—z approaches zero in any 
manner whatever. Suppose that the point 2, approaches the point 
z along a curve C, whose tangent at the point z makes an angle a 
with the parallel to the direction Ox; the point w, will itself de- 
scribe a curve C’ passing through uw. Let us discard the case in 
which f"(z) is zero, and let p and w be the absolute value and the 
angle of f"() respectively. Likewise let 7 and +! be the distances 
ze, and uu,, a' the angle which the direction zz, makes with the 
parallel zx' to Ox, and B' the angle which the direction wu, makes 
with the parallel wX' to OX. The absolute value of the quotient 





Fie. 9a Bue. 90 


(u, — “)/(z, — #) is equal to 7,/r, and the angle of the quotient is 
equal to B' — a'. We have then the two relations 


35 lim 4 = lim (B' — a’) = w + 2ko. 
( ) ip P> 


Let us consider only the second of these relations. We may sup- 
pose k = 0, since a change in & simply causes an increase in the 
angle w by a multiple of 27. When the point z, approaches the 
point 2 along the curve C, a’ approaches the limit a, B’ approaches a 
limit 8B, and we have 8B = a+. That is to say, in order to obtain the 
direction of the tangent to the curve described by the point u, it suffices 
to turn the direction of the tangent to the curve described by z through 
a constant angle w. It is naturally understood in this statement that 
those directions of the two tangents are made to correspond which 
correspond to the same sense of motion of the points z and u. 

Let D be another curve of the plane Oy passing through the point 
z, and let D' be the corresponding curve of the plane XOY. If the 
letters y and 8 denote respectively the angles which the corresponding 
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directions of the tangents to these two curves make with za’ and 
uX' (Figs. 9a and 96), we have 


=a+ta, s=yt+a, 


and consequently 5-B=y—a. The curves C' and D' cut each 
other in the same angle as the curves C and D. Moreover, we see that 
the sense of rotation is preserved. It should be noticed that if 
f'(2) = 0, the demonstration no longer applies. 

If, in particular, we consider, in one of the two planes x0y or XO¥Y, 
two families of orthogonal curves, the corresponding curves in the 
other plane also will form two families of orthogonal curves. For 
example, the two families of curves X= C, Y=C', and the two 
families of curves 


(36) l|f@ |=, angle f(z) = C' 


form orthogonal nets in the plane xOy, for the corresponding curves 
in the plane XOY are, in the first case, two systems of parallels to the 
axes of coordinates, and, in the other, circles having the origin for 
center and straight lines proceeding from the origin. 


Example 1. Let 2’ = z*, where q@ is a real positive number. Indicating by 
r and @ the polar codrdinates of z, and by 7” and @ the polar codrdinates of 2’, 
the preceding relation becomes equivalent to the two relations 1” = r*, @ = a@. 
We pass then from the point z to the point 2’ by raising the radius vector to 
the power a and by multiplying the angle by a. The angles are preserved, ex- 
cept those which have their vertices at the origin, and these are multiplied by 
the constant factor @. 

Example 2. Let us consider the general linear transformation 


pen ae tee 


87 = ) 
ep cz+d 





where a, b, c, d are any constants whatever. In certain particular cases it is 
easily seen how to pass from the point z to the point z’. Take for example the 
transformation 2 =z+0; letz=a2+ yi,z’ =a + y/i,b= a+ Bi; the preced- 
ing relation gives 7 =< + a, y’ =y+ 8, which shows that we pass from the 
point z to the point z’ by a translation. 

Let now z’ = az; if p and w indicate the absolute value and angle of a respec- 
tively, then we have r’ = pr, &’ = w+ 6. Hence we pass from the point z to the 
point z’ by multiplying the radius vector by the constant factor p and then turning 
this new radius vector through a constant angle w. We obtain then the transfor- 
mation defined by the formula 2’ = az by combining an expansion with a rotation. 


Finally, let us consider the relation 
Ae} 
ei — 
z 


where r, 0, 1”, # have the same meanings as above. We must have rr’ = ah 
9+ %=0. The product of the radii yoctores is therefore equal to unity, while 
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the polar angles are equal and of opposite signs. Given a circle @ with center 
A and radius R, we shall use the expression inversion with respect to the given 
circle to denote the transformation by which the polar angle is unchanged but 
the radius vector of the new point is R?/r. We obtain then the transformation 
defined by the relation z’z = 1 by carrying out first an inversion with respect to 
a circle of unit radius and with the origin as center, and then taking the sym- 
metric point to the point obtained with respect to the axis Oz. 

The most general transformation of the form (87) can be obtained by com- 
bining the transformations which we have just studied. If c = 0, we can replace 
the transformation (87) by the succession of transformations 


If c is not zero, we can carry out the indicated division and write 


a be—ad 


— ’ 
c c’z+cd 


/ 


and the transformation can be replaced by the succession of transformations 
d 2. 
fies Lahn BormACLety 43=—) 


2, = (be — ad)z,, z= at. 
All these special transformations leave the angles and the sense of rotation 
unchanged, and change circles into circles. Hence the same thing is then true 
of the general transformation (87), which is therefore often called a circular 
transformation. In the above statement straight lines should be regarded as 
circles with infinite radii. 
Example 3. Let 
z = (@ — &,)™ (% — €,)™2 +--+ (% — ep), 

where €, €), +++, & are any quantities whatever, and where the exponents m,, 
My, +++, Mp) are any real numbers, positive or negative. Let M, H,, E,,---, Ep 
be the points which represent the quantities z, €,, €,,+++, @; let also r,,1r,,---, 
ry denote the distances ME,, ME,,.--, ME, and 6,, 6,,---, @p the angles which 
E,M, E,M,:--, E,M make with the parallels to Ox. The absolute value and 
the angle of z’ are respectively ry™17."2 +++ Yp™» and m,6, + M,6_ + +++ + MpOp. 
Then the two families of curves 


ring? +++ 1? =O, | m0, + M8, + +++ + MpOp = C’ 


form an orthogonal system. When the exponents m,, m,,--++, mp are rational 
numbers, all the curves are algebraic. If, for example, p = 2,m, = m, =1, one 
of the families is composed of Cassinian ovals with two foci, and the second 
family is a system of equilateral hyperbolas. 


20. Conformal transformations in general. The examination of the 
converse of the proposition which we have just established leads us to 
treat a more general problem. Two surfaces, 3, 3’, being given, let 
us set up between them any point-to-point correspondence whatever 
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(except for certain broad restrictions which will be made later), 
and let us examine the cases in which the angles are unaltered in 
that transformation. Let a, y, z be the rectangular codrdinates of 
a point of 3%, and let 2’, y', z' be the rectangular codrdinates of a 
point of 3!. We shall suppose the six coérdinates a, y, 2, a', y', 2' 
expressed as functions of two variable parameters w, v in such a way 
that corresponding points of the two surfaces correspond to the same 
pair of valnes of the parameters w, v: 


(38) Ve (U, v), y' a ¢'(u, v); 


ae slab (te, 10), z' = y'(u, v). 


Moreover, we shall suppose that the functions f, ¢, -- -, together with 
their partial derivatives of the first order, are continuous when the 
points (a, y, z) and (a', y', z') remain in certain regions of the two 
surfaces } and 3!. We shall employ the usual notations (I, § 131): 


fr Sapa sx) 3 {r PRCA 
> Dy 


z _ Ox! Oa! Oa'\? 
39 m=s(2) ees '=s(=) 
On éu)’ i Pie Cogito dy)’ 
ds? = Edw + 2 Fdudv + Gd’, 
ds” = E'du? + 2 F'du dv + G' dv’. 


Let C and D (Figs. 10a@ and 106) be two curves on the surface 3, 
passing through a point m of that surface, and C' and D! the corre- 
sponding curves on the surface 3%’ passing through the point m’. 





Fie. 10a Fie. 106 


Along the curve C the parameters u, v are functions of a single 
auxiliary variable ¢, and we shall indicate their differentials by du 
and dv. Likewise, along D, uv and v are functions of a variable ¢', and 
we shall denote their differentials here by 8u and 8v. In general, we 
shall distinguish by the letters d and 8 the differentials relative to 
a displacement on the curve C and to one on the curve D. The 
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following total differentials are proportional to the direction cosines 
of the tangent to the curve C, 
x. Oz 


= Ox é ae! oy oy , Oe Be 
dx = an du + ae den Vay Day it + 3p oe d= 5, ot + 5 Ue 


and the following are proportional to the direction cosines of the 
tangent to the curve D, 
Oz Oz 


bu, ay = Hou + Yo, 04 == bn = =ride. 


Ox Cx 
6a = — bu + — a oa 


~ Ou ov 


Let w be the angle between the tangents to the two curves C and 
D. The value of cos w is given by the expression 
da 8x + dy dy + dz 8z 
? 
Vda? + dy’ +d# WV 8a? + by” + 32” 





COS mw = 





which can be written, making use of the notation (39), in the form 


(40) cos Edu 8u + F (du sv + dv bu) + Gdv bv 
aij at | 


VE de +2Fdudv + Gd? VERE + 2 F8u du + Gv? 








If we let w’ denote the angle between the tangents to the two 
curves C' and D', we have also 

E'du 8u + F'(du dv + dv du) + G'dv bv 
VE' dw +2 F'du dv + G'dv? VE' 8u? + 2 F'8u 8 + G'8r2 








(41) cos o! = 


In order that the transformation considered shall not change the 
value of.the angles, it is necessary that cos w' = cos w, whatever du, 
dv, du, dv may be. The two sides of the equality 


cos? w! = cos? wo 


are rational functions of the ratios 6v/du, dv/du, and these functions 
must be equal whatever the values of these ratios. Hence the corre- 
sponding coefficients of the two fractions must be proportional ; that 
is, we must have 

(42) === 
where dX is any function whatever of the parameters u, v. These 
conditions are evidently also sufficient, for cos w, for example, is a 


homogeneous function of E, F, G, of degree zero. 
The conditions (42) can be replaced by a single relation ds” = \’ds?, or 


(43) ds! = dds. 
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This relation states that the ratio of two corresponding infinitesimal 
ares approach a limit independent of du and of dv, when these two 
ares approach zero. This condition makes the reasoning almost 
intuitive. For, let adc be an infinitesimal triangle on the first surface, 
and a'b'e' the corresponding triangle on the second surface. Imagine 
these two curvilinear triangles replaced by rectilinear triangles that 
approximate them. Since the ratios a'b'/ab, a'c'/ac, b'c'/be approach 
the same limit A(w, v), these two triangles approach similarity and 
the corresponding angles approach equality. 

We see that any two corresponding infinitesimal figures on the 
two surfaces can be considered as similar, since the lengths of the 
ares are proportional and the angles equal; it is on this account that 
the term conformal representation is often given to every correspond- 
ence which does not alter the angles. 

Given two surfaces %, 3’ and a definite relation which establishes 
a point-to-point correspondence between these two surfaces, we can 
always determine whether the conditions (42) are satisfied or not, 
and therefore whether we have a conformal representation of one 
of the surfaces on the other. 

But we may consider other problems. For example, given the sur- 
faces 3 and 3', we may propose the problem of determining all the 
correspondences between the points of the two surfaces which pre- 
serve the angles. Suppose that the codrdinates (a, y, z) of a point 
of & are expressed as functions of two parameters (w, v), and that 
the codrdinates («’, y', 2") of a point of 3’ are expressed as functions 
of two other parameters (w', v'). Let 


dP? =Edw+2Fdudv+Gdv, ds®=E'du"® +2 F'du' dv'+G' dv? 


be the expressions for the squares of the linear elements. The prob- 
lem in question amounts to this: To find two functions u' = 7,(u, v), 
v' = 77,(u, v) such that we have identically 


E' dr} + 2 F'dr,dr,+ G'dm = N(E dw +2 Fdudv + G dv), 


A being any function of the variables u, v. The general theory of dif- 
ferential equations shows that this problem always admits an infinite 
number of solutions ; we shall consider only certain special cases. 


21. Conformal representation of one plane on another plane. Every 
correspondence between the epornts: of, two planes is ‘defined by 
relations such as 


(44) X= P(x, Y); Y= Q(x, Y)s 
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where the two planes are referred to systems of rectangular codérdi- 
nates (x,y) and(X, Y). From what we have just seen, in order that this 
transformation shall preserve the angles, it is necessary and sufficient 
that we have 
dX? + dY? = 2 (dx? + dy), 

where A is any function whatever of z, y independent of the differ- 
entials. Developing the differentials dX, dY and comparing the two 
sides, we find that the two functions P(a, y) and Q(a, y) must 
satisfy the two relations 


OPM (OQV ve a a OP OP | 8Q0Q _ 
a (=z) He i es a oy ; Ox Oy a Ox Oy , 
The partial derivatives ¢P/dy, 0Q/éy cannot both be zero, for the 
first of the relations (45) would give also 0Q/éx = ¢P/éx = 0, and 


the functions P and Q would be constants. Consequently we can 
write according to the last relation, 


oP éQ 0Q oP 


an oy’ az oy’ 
where yw is an auxiliary unknown. Putting these values in the first 
condition (45), it becomes 


w—ol(G) +G) |-% 


and from it we derive the result »~=+1. We must then have 
either 


(46) =a) —=—-~ 
or 


(47) cay Se 


The first set of conditions state that P + Qi is an analytic fune- 
tion of «+ yi. As for the second set, we can reduce it to the first 
by changing Q to — Q, that is, by taking the figure symmetric to the 
transformed figure with respect to the axis OX. Thus we see, finally, 
that to every conformal representation of a plane on a plane there 
corresponds a solution of the system (46), and consequently an 
analytic function. If we suppose the axes OX and OY parallel re- 
spectively to the axes Ox and Oy, the sense of rotation of the angles 
is preserved or not, according as the functions P and Q satisfy the 
relations (46) or (47). 
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22, Riemann’s theorem. Given in the plane of the variable z a region -1 
bounded by a single curve (or simple boundary), and in the plane of the vari- 
able wa circle O, Riemann proved that there exists an analytic function u = f(z), 
analytic in the region A, such that to each point of the region A corresponds 
a point of the circle, and that, conversely, to a point of the circle corresponds 
one and only one point of A. The function f(z) depends also upon three 
arbitrary real constants, which we can dispose of in such a way that the center 
of the circle corresponds to a given point of the region A, while an arbitrarily 
chosen point on the circumference corresponds to a given point of the boundary 
of A. We shall not give here the demonstration of this theorem, of which we 
shall indicate only some examples. 

We shall point out only that the circle can be replaced by a half-plane. 
Thus, let us suppose that, in the plane of u, the circumference passes through the 
origin ; the transformation u’ = 1/u replaces that circumference by a straight 
line, and the circle itself by the portion of the u’-plane situated on one side of 
the straight line extended indefinitely in both directions. 

Example 1. Let u=z!/¢, where a is real and positive. Consider the portion 
A of the plane included between the direction Ox and a ray through the origin 
making an angle of am with Ox (a = 2), Let z = re’#, u = Re’ ; we have 


1 
ieee o>. 


When the point z describes the portion A of the plane, r varies from 0 to 
+o and @ from 0 to am; hence R varies from 0 to + 0 and w from 0 to z. 


4. ---~------ 
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The point u therefore describes the half-plane situated above the axis OX, and 
to a point of that half-plane corresponds only one point of A, for we have, 
inversely, r = R¢, 0 = aw. 

Let us next take the portion B of the z-plane bounded by two ares of circles 
which intersect. Let Zp), z, be the points of intersection ; if we carry out first the 
transformation 

Z- 
Cece %9 





the region B goes over into a portion A of the z’-plane included between two 
rays from the origin, for along the are of a circle passing through the points 
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Zo, 2, the angle of (z — z,)/(z — z,) remains constant. Applying now the pre- 
ceding transformation u = (z’)1/4, we see that the function 





enables us to realize the conformal representation of the region B on a half- 
plane by suitably choosing a. 

Example 2. Let u=cosz. Let us cause z to describe the infinite half-strip 
R, or AOBA’ (Fig. 11), defined by the inequalities 0 =z = 7, y = 0, and let 
us examine the region described by the point w= X + Yi. We have here (§ 12) 


(48) X = cose ES, Vis Using ee 


When g varies from 0 to 7, Y is always negative and the point « remains in 
the half-plane below the axis X’OX. Hence, to every point of the region R 
corresponds a point of the wu half-plane, and when the point z is on the bound- 
ary of R, we have Y = 0, for one of the two factors sin x or (e” — e— ¥) /2 is zero. 
Conversely, to every point of the u half-plane below OX corresponds one and 
only one point of the strip R in the z-plane. In fact, if z’ is a root of the equa- 
tion u = cosz, all the other roots are included in the expression 2k + 2’. If 
the coefficient of 7 in 2 is positive, there cannot be but one of these points in the 
strip R, for all the points 2km— 2’ are below Ox. There is always one of 
the points 2k + 2 situated in R, for there is always one of these points whose 
abscissa lies between 0 and 27. That abscissa cannot be included between 7 
and 2 7, for the corresponding value of Y would then be positive. The point is 
therefore located in R. 

It is easily seen from the formule (48) that when the point z describes the 
portion of a parallel to Oz in R, the point w describes half of an ellipse. When 
the point z describes a parallel to Oy, the point wu describes a half-branch of a 
hyperbola. All these conics have as foci the points C, C’ of the axis OX, with 
the abscissas + 1 and — 1. 





Example 3. Let Tz 
ea — J 
(49) Ue ee 
eat] 


where a is real and positive. In order that |u| shall be less than unity, it is 
easy to show that it is necessary and sufficient, that cos [(7y)/(2a)]>0. If y 
varies from — a to + a, we see that to the infinite strip included between the 
two straight lines y= — a, y= +a corresponds in the u-plane the circle C 
described about the origin as center with unit radius. Conversely, to every 
point of this circle corresponds one and only one point of the infinite strip, for 
the values of z which correspond to a given value of u form an arithmetical pro- 
gression with the constant difference of 4ai. Hence there cannot be more than 
one value of z in the strip considered. Moreover, there is always one of these 
roots in which the coefficient of i lies between — a and 3a, and that coefficient 
cannot lie between a and 8a, for the corresponding value of |w| would then be 
greater than unity. 
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23. Geographic maps. To make a conformal map of a surface 
means to make the points of the surface correspond to those of a 
plane in such a way that the angles are unaltered. Suppose that the 
coordinates of a point of the surface & under consideration be ex- 
pressed as functions of two variable parameters (w, v), and let 


ds? = Edw? +2 Fdudv + Gd 


be the square of the linear element for this surface. Let (a, 8) be 
the rectangular codrdinates of the point of the plane P which cor- 
responds to the point (wu, v) of the surface. The problem here is to 
find two functions 
Ws (a, B); US 7, (a, B) 
of such a nature that we have identically 
E du? + 2 Fdu dv + G dv’ = d (da? + dp’), 


where A is any function whatever of a, 8 not containing the differ- 
entials. This problem admits an infinite number of solutions, which 
can all be deduced from one of them by means of the conformal 
transformations, already studied, of one plane on another. Suppose 
that we actually have at the same time 


ds* = d (da? + dp’), ds? = X'(da” + dB”) ; 
then we shall also have 


! 
de? + dg? = * (da” + dp”), 


so that @ + Bi, or a — Bi, will be an analytic function of a! + Bi’. 
The converse is evident. 

Example 1. Mercator’s projection. We can always make a map of a 
surface of revolution in such a way that the meridians and the paral- 
lels of latitude correspond to the parallels to the axes of coordinates. 
Thus, let 

v= p Cos wo, ¥ = pSino, z= f(p) 


be the codrdinates of a point of a surface of revolution about the 
axis Oz; we have 


12 
di = dp*[1 + f"(p)]+ p'dw? es p*| dat ne 1 +7 (p) ap; 
which can be written é 
ds; =p (dX? + dY”) 


X =o, y= fVtre dp. 
p 


if we set 


1, § 23] CONFORMAL REPRESENTATION 53 


In the case of a sphere of radius R we can write the coordinates in 
the form 


x = Rk sin @ cos ¢, y =R sin 6 sin ¢, z= RF cos 8, 





2 
ds? = R? (dé? + sin’ 6d¢’) = R? sin? (ag! + “a 5)) 
and we shall set 


dé 6 
X= ¢; v= fg = loe( tan 5). 


We obtain thus what is called Mercator’s projection, in which the 
meridians are represented by parallels to the axis OY, and the paral- 
lels of latitude by segments of straight lines parallel to OX. To 
obtain the whole surface of the sphere it is sufficient to let ¢ vary 
from 0 to 27r, and @ from 0 to 77; then X varies from 0 to 27 and Y 
from — © to+o. The map has then the appearance of an infinite 
strip of breadth 27. The curves on the surface of the sphere which 
cut the meridians at a constant angle are called loxodromic curves 
or rhumb lines, and are represented on the map by straight lines. 

Example 2. Stereographic projection. Again, we may write the 
square of the linear element of the sphere in the form 





2 2 
ds? = 4 we = + R? tan? 8 ag? ; 
4 cos* = 
2 
or 
ds? = 4 cost (dp? + p* dw”), 
if we set 


p=Rtang, o =d¢. 


But dp? + p’dw? represents the square of the linear element of the 
plane in polar coérdinates (p, w); hence it is sufficient, in order to 
obtain a conformal representation of the sphere, to make a point of 
the plane with polar coérdinates (p, w) correspond to the point (6, ¢) 
of the surface of the sphere. It is seen immediately, on drawing the 
figure, that p and w are the polar codrdinates of the stereographic 
projection of the point (6, ¢) of the sphere on the plane of the 
equator, the center of projection being one of the poles.* 


* The center of projection is the south pole if @ is measured from the north pole 
to the radius. Using the north pole as the center of projection, the point (R?/p, w), 
symmetric to the first point (see Ex. 17, p. 58), would be obtained. — TRANs. 
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Example 3. Map of an anchor ring. Consider the anchor ring generated by 
the revolution of a circle of radius R about an axis situated in its own plane at 
a distance a from its center, where a > R. Taking the axis of revolution for the 
axis of z, and the median plane of the anchor ring for the zy-plane, we can 
write the codrdinates of a point of the surface in the form 


x = (a+ Ros 6) cos ¢, y = (a+ B cos @) sin ¢, z=—Rsin8, 


and it is sufficient to let @ and ¢ vary from — 7 to + 7. From these formule 





we deduce R2d6? 
ds? = R cos 6)? | dg? + ——_—_—___} ; 
s? = (a + Rh cos 6) |e fen oe 
and, to obtain a map of the surface, we may set 
gc ee 2 
y =ef iT pend = pete (, N= tan8), 
ol+ecosé W/j1—@ ase 2 
where 
R 
Cea 
a 


Thus the total surface of the anchor ring corresponds point by point to that 
of a rectangle whose sides are 27 and 2me/V1— &. 





24, Isothermal curves. Let U(x, y) be a solution of Laplace’s equation 
GW GY 


A= —= 
ox? oy? 





i 


the curves represented by the equation 
(50) U(@, y) = C, 
where C is an arbitrary constant, form a family of isothermal curves. With every 
solution U(a, y) of Laplace’s equation we can associate another solution, 
V(x, y), such that U + Vi is an analytic function of « + yi. The relations 
eU eV Uae Va 
ex oy oy ox 





show that the two families of isothermal curves 
U(«, y) = C, V@, y)=C’ 


are orthogonal, for the slopes of the tangents to the two curves C and CO’ are 
respectively 


Thus the orthogonal trajectories of a family of isothermal curves form another 
family of isothermal curves. We obtain all the conjugate systems of isothermal 
curves by considering all analytic functions f(z) and taking the curves for 
which the real part of f(z) and the coefficient of i have constant values. The 
curves for which the absolute value R and the angle Q of f(z) remain constant 
also form two conjugate isothermal systems ; for the real part of the analytic 
function Log [f(z)] is log R, and the coefficient of 7 is Q. 

Likewise we obtain conjugate isothermal systems by considering the curves 
described by the point whose coérdinates are X, Y, where f(z) = X + Yi, when 
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we give to « and y constant values. This is seen by regarding « + yi as an 
analytic function of X + Yi. More generally, every transformation of the 
points of one plane on the other, which preserves the angles, changes one family 
of isothermal curves into a new family of isothermal curves. Let 
ct=p (’, Y’), Uf = (2’, y’) 

be equations defining a transformation which preserves angles, and let F(a’, y’) 
be the result obtained on substituting p (w’, y’) and q¢ (a, y’) for ¢ and y in U (a, y). 
The proof consists in showing that F(x’, y’) is a solution of Laplace’s equation, 
provided that U(x, y) is a solution. The verification of this fact does not offer 
any difficulty (see Vol. I, Chap. III, Ex. 8, 2d ed.; Chap. II, Ex. 9, Ist ed.), 
but the theorem can be established without any calculation. Thus, we can sup- 
pose that the functions p(x’, y’) and q(x’, y’) satisfy the relations 








for asymmetric transformation evidently changes a family of isothermal curves 
into a new family of isothermal curves. The function + yi =p + qi is then 
an analytic function of z’ = a’ + yi, and, after the substitution, U + Vi also 
becomes an analytic function F(z’, y’) + i@(2’, y’) of the same variable 
(§ 5). Hence the two families of curves 


F(x’, y’) = C, # (2’, y’) = GE 


give a new orthogonal net formed by two conjugate isothermal families. 

For example, concentric circles and the rays from the center form two con- 
jugate isothermal families, as we see at once by considering the analytic func- 
tion Logz. Carrying out an inversion, we have the result that the circles 
passing through two fixed points also form an isothermal system. The conjugate 
system is also composed of circles. 

Likewise, confocal ellipses form an isothermal system. Indeed, we have seen 
above that the point u = cosz describes confocal ellipses when the point z is 
made to describe parallels to the axis Ox (§ 22). The conjugate system is made 
up of confocal and orthogonal hyperbolas. 

Note. In order that a family of curves represented by an equation P(x, y) = C 
may be isothermal, it is not necessary that the function P (a, y) be a solution of 
Laplace’s equation. Indeed, these curves are represented also by the equation 
¢[P (x, y)] = C, whatever be the function ¢; hence it is sufficient to take for 
the function ¢ a form such that U(a, y) = ¢(P) satisfies Laplace’s equation. 
Making the calculation, we find that we must have 


do [ /aP\2 Ne de es am 
peeled US 5 eh eee Mae ae ()« 
Al (=) ~ (5 z5 dP \ dx? is ay? s 


hence it is necessary that the quotient 
62-Pe or P 
= + SS 
ou? oy? 
GING. ]QENE 
(a) Ge) 
Ox oy 
depend only on P, and if that condition is satisfied, the function ¢ can be 
obtained by two quadratures. 
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EXERCISES 
4. Determine the analytic function f(z) = X + Yi whose real part X is 
equal to 9 sin2a 





ev + e~2¥— 2cos2ex 


Consider the same question, given that X + Y is equal to the preceding 
function. 

2. Let ¢(m, p) = 0 be the tangential equation of a real algebraic curve, that 
is to say, the condition that the straight line y = maz +p be tangent to that 
curve. The roots of the equation ¢ (i, — zi) = 0 are the real foci of the curve. 

3. If p and_q are two integers prime to each other, the two expressions 
(Vz )? and Vz» are equivalent. What happens when p and g have a greatest 
common divisor d >1? 

4. Find the absolute value and the angle of e*+” by considering it as 
the limit of the polynomial [1+ (@ + yt)/m]™ when the integer m increases 
indefinitely. 


5. Prove the formule , (* +1 ) 
sin b 





cosa + cos(a + b)+--- + cos(a + nb) = cos (a + ©), 
sin (5) 





: Ce ) 
sin 9 b b 
ere 
sin (- 
2 


6. What is the final value of arc sinz when the variable z describes the seg- 
ment of a straight line from the origin to the point 1 + 7, if the initial value of 
are sin z is taken as 0 ? 


sina + sin(a@ + b)+ --- + sin(a+ nb) = 


7. Prove the continuity of a power series by means of the formula (12) (§ 8) 


et M-FO=IQ+LADt +" AeOte 


[Take a suitable dominant function for the series of the right-hand side.] 


8. Calculate the integrals 
i wm ea cos ba dz, Ae xm et sin ba dz, 
fetn@- a) ctn (2 — b) - ++ etn (a — l) de. 


9. Given in the plane «Oy a closed curve C having any number whatever of 
double points and described in a determined sense, a numerical coefficient is 
assigned to each region of the plane determined by the curve according to the rule 
of Volume I (§ 97, 2d ed. ; § 96, Ist ed). Thus, let R, R’ be two contiguous regions 
separated by the arc ab of the curve described in the sense of a to b; the coeffi- 
cient of the region to the left is greater by unity than the coefficient of the 
region to the right, and the region exterior to the curve has the coefficient 0. 
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Let z, be a point taken in one of the regions and W the corresponding coeffi- 
cient. Prove that 2Na represents the variation of the angle of z— z, when 
the point z describes the curve C in the sense chosen. 

10. By studying the development of Log[(1+ z)/(1— z)] on the circle of 
convergence, prove that the sum of the series 
sin 6 Nd le sin (2n + 1)6 

1 3 5 2n+1 
is equal to + 1/4, according as sin = 0. (Cf. Vol. I, § 204, 2d ed.; § 198, 1st ed.) 

11. Study the curves described by the point Z = z? when the point z describes 

a straight line or a circle. 








12. The relation 2Z = z + c?/z effects the conformal representation of the 
region inclosed between two confocal ellipses on the ring-shaped region bounded 
by two concentric circles. vs 

[Take, for example, z = Z + VZ? — c?, make in the Z-plane a straight-line 
cut (— ¢, c), and choose for the radical a positive value when Z is real and 
greater than c.] 

13. Every circular transformation z’ = (az + b)/(cz + d) can be obtained by 
the combination of an even number of inversions. Prove also the converse. 


14, Every transformation defined by the relation z = (az) + b)/(c%) + @), 
where Z, indicates the conjugate of z, results from an odd number of inversions. 
Prove also the converse. 

15. Fuchsian transformations. Every linear transformation (§ 19, Ex. 2) 
2’ = (az + b)/(cz + d), where a, b, c, d are real numbers satisfying the relation 
ad — bc =1, is called a Fuchsian transformation. Such a transformation sets 
up a correspondence such that to every point z situated above Ox corresponds a 
point z’ situated on the same side of Oz’. 

The two definite integrals 


[@ dy? ie 
y ; ¥~ 


are invariants with respect to all these transformations. 

The preceding transformation has two double points which correspond to 
the roots a, B of the equation cz? + (d—a)z—b=0. If @ and B are real and 
distinct, we can write the equation 2’ = (az + b)/(cz + d) in the equivalent form 








where k is real. Such a transformation is called hyperbolic. 
If a and B are conjugate imaginaries, we can write the equation 
Z—a og ete? 
2’—B z—B 
where w is real. Such a transformation is called elliptic. | 
If 8 = a, we can write 








where a and & are real. Such a transformation is called parabolic. 
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16. Let 2’ = f(z) be a Fuchsian transformation. Put 
z, =f (2), &y =f (2), a) he 


Prove that all the points z, 2,, 2),+++, 2n are, on the circumference of a circle. 
Does the point z, approach a limiting position as n increases indefinitely ? 


17. Given a circle @ with the center O and radius R, two points M, M’ 
situated on a ray from the center O are said to be symmetric with respect to 
that circle if OM x OM = R?. 

Let now CO, C’ be two circles in the same plane and M any point whatever 
in that plane. Take the point M, symmetric to M with respect to the circle C, 
then the point M, symmetric to M, with respect to C’, then the point M, sym- 
metric to Mj with respect to C, and so on forever. Study the distribution of the 
points M,, Mj, M,, Mj,---. 


18. Find the analytic function Z=/(z) which enables us to pass from 
Mercator’s projection to the stereographic projection. 


19*. All the isothermal families composed of circles are made up of circles 
passing through two fixed points, distinct or coincident, real or imaginary. 

{Setting z= 2 + yt, 2) = w — yi, the equation of a family of circles depending 
upon a single parameter \ may be written in the form 


2% + az + bz, + c=), 


where a, b, ¢ are functions of the parameter ’. In order that this family be 
isothermal, it is necessary that 67\/éz0z,=0. Making the calculation, the 
theorem stated is proved.] 


20*. If |g| < 1, we have the identity 


1 
1+ 1+ q?)---(1 Don ‘ 
(1 + q) (1+ 9°) +++ (1+ 9") fondo ase 





[Eucer.] 
{In order to prove this, transform the infinite product on the left into an infinite 
product with two indices by putting in the first row the factors 1+ q, 1+ q?, 
1+qt,---, 1+q@",---+; in the second row the factors 1+ 93, 1448, -- 
1 +(q°)?", +++; and then apply the formula (16) of the text.] 


Ce 


21. Develop in powers of z the infinite products 


F(z) = (1+ az) (1+ 22) --- (i+ avz).-., 
# (2) = (1+ a2) (1 + 22) --- (14 atmtiz) 


[It is possible, for example, to make use of the relation 
F (az) (1 + 2) = F(z), ® (wz) (1 + #z) = &(z).] 
22%, Supposing |x| <1, prove Euler’s formula 


(1— x) (1 — x?) (1— a)... (1— ar)... 





8n?7—n Bn2+n 
o 


=l-c-P+e—g 4 ete ope 2 yz 2 +... 
(See J. Berrrann, Calcul différentiel, p. 328.) 


1, Exs. ] EXERCISES 59 


23*. Given a sphere of unit radius, the stereographic projection of that sphere 
is made on the plane of the equator, the center of projection being one of the 
poles. To a point M of the sphere is made to correspond the complex number 
s=2x+ yi, where x and y are the rectangular codrdinates of the projection m of 
M with respect to two rectangular axes of the plane of the equator, the origin 
being the center of the sphere. To two diametrically opposite points of the 
sphere correspond two complex numbers, s, — 1/s), where 8, is the conjugate 
imaginary to s. Every linear transformation of the form 


(A) OF ee ee 

s— 8 s— 8 
where Ba, + 1 = 0, defines a rotation of the sphere about a diameter. To groups 
of rotations which make a regular polyhedron coincide with itself correspond 
the groups of finite order of linear substitutions of the form (A). (See KLErn, 
Das Ikosaeder.) 





CHAPTER II 


THE GENERAL THEORY OF ANALYTIC FUNCTIONS 
ACCORDING TO CAUCHY 


I. DEFINITE INTEGRALS TAKEN BETWEEN 
IMAGINARY LIMITS 


25. Definitions and general principles. The results presented in the 
preceding chapter are independent of the work of Cauchy and, for 
the most part, prior to that work. We shall now make a system- 
atic study of analytic functions, and determine the logical conse- 
quences of the definition of such functions. Let us recall that a 
function f(z) is analytic in a region 4: 1) if to every point taken 
in the region A corresponds a definite value of f(z); 2) if that 
value varies continuously with 2; 3) if for every point z taken in A 


the quotient fle +h)— Fe 
h 
approaches a limit f(z) when the absolute value of 2 approaches zero. 

The consideration of definite integrals, when the variable passes 
through a succession of complex values, is due to Cauchy *; it was 
the origin of new and fruitful methods. 

Let f(z) be a continuous function of z along the curve AMB 
(Fig. 12). Let us mark off on this curve a certain number of points 
of division 2,, 2), 2)++-+, 2,—1) 2’, which follow each other in the order 
of increasing indices when the arc is traversed from A to B, the 
points 2, and 2’ coinciding with the extremities A and B. 

Let us take next a second series of points ¢, ¢,,---, ¢, on the are 
AB, the point &, being situated on the are z,_,2,, and let us consider 
the sum 


S = f(@) (% aa #) FFG) (, Sp %)+ Mpod 
+S (Ge) He Mea) bs + FFG) (B= 2-1): 
When the number of points of division z,,---, 2,_, increases indefi- 
nitely in such a way that the absolute values of all the differences 





* Mémoire sur les intégrales définies, prises entre des limites imaginaires, 1825. 
This memoir is reprinted in Volumes VII and VIII of the Bulletin des Sciences mathé 
matiques (1st series). 
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#,— %, 2% — %,,--- become and remain smaller than any positive 
number arbitrarily chosen, the sum S approaches a limit, which is 
called the definite integral of f(z) taken along AMB and which is 


represented by the symbol 
S(@) dz. 
(AMB) 
To prove this, let us separate the real part and the coefficient of ¢ 


in S, and let us set 


J(#) =X + VY, Zp = Uy, + Yt, be = & + mt, 





Fig. 12 


where X and Y are continuous functions along 4M@B. Uniting the 
similar terms, we can write the sum S in the form 


SX (9), — 2) 
+X (E;, n) Ca pias aL Mn) (a! let) 
—[Y€, ”) (Y, ae Yo) qn O08 Se Vales Ne) (Yi cam Ye—-1) + sre | 
ar [XE m) Y, set 2: Nae [VE ) (a, Nia peel 
When the number of divisions increases indefinitely, the sum of the 
terms in the same row has for its limit a line integral taken along 
AMB, and the limit of S is equal to the sum of four line integrals :* 


S(@)dz =f (Xdx — Ydy) + if (Vda + Xdy). 
(AMB) 


(AMB) (AMB) 





* In order to avoid useless complications in the proofs, we suppose that the codr- 
dinates x, y of a point of the arc AMB are continuous functions «= ¢ (t), y= (0) of 
a parameter ¢, which have only a finite number of maxima and minima between 4 
and B. We can then break up the path of integration into a finite number of arcs 
which are each represented by an equation of the form y= #' (x), the function F# being 
continuous between the corresponding limits; or into a finite number of ares which 
are each represented by an equation of the form x=G(y). There is no disadvantage 
in making this hypothesis, for in all the applications there is always a certain amount 
of freedom in the choice of the path of integration. Moreover, it would suffice to 
suppose that #(~) and ¥ (a) are functions of limited variation. We have seen that 
in this case the curve 4MB is then rectifiable (I, ftns., §§ 73, 82, 95, 2d ed.). 
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¥yom the definition it results immediately that 
J (2) dz + f(@)de= 0. 
(AMB) (BUA) 
It is often important to know an upper bound for the absolute value 
of an integral. Let s be the length of the are AM, L the length of 


the are AB, s,_, 8, o, the lengths of the arcs Az,_,, 4%, AG, of 
the path of integration. Setting F(s) =|f(#)|, we have 


| f(x) (%e — 1) | = F(x) |2. — 1 S F(o,) (8, — 84-1), 
for |z, — %,—1{ represents the length of the chord, and s, — s,_, the 


length of the arc. Hence the absolute value of S is less than or at 
most equal to the sum 3 F'(o,) (s, — s,_1); whence, passing to the 
fede 


limit, we find L 
= i F(s) ds. 
(AWB) 0 


Let M be an upper bound for the absolute value of f(z) along the 
curve AB. It is clear that the absolute value of the integral on the 
right is less than MZ, and we have, a fortiori, 











SI (2) dz| < ML. 


(AMB) 








26. Change of variables. Let us consider the case that occurs fre- 
quently in applications, in which the codrdinates a, y of a point of 
the are AB are continuous functions of a variable parameter ¢, 
x= $(t),y = y(t), possessing continuous derivatives $'(¢), y'(t); and 
let us suppose that the point (a, y) describes the path of integra- 
tion from A to B as ¢ varies from @ to B. Let P(t) and Q(¢) be the 
functions of ¢ obtained by substituting $(¢) and y(¢), respectively, 
for x and y in X and Y. 

By the formula established for line integrals (I, § 95, 2d ed.; § 93, 
Ist ed.) we have 


B 
if Xda — Y¥dy = fi [PO $0) — ew] at, 
(AB) a . 
f Xdy + ¥dx= i [PO W(t) +) $'O] at. 
(AB) @ 


Adding these two relations, after having multiplied the two sides 
of the second by ¢, we obtain 


B 
(1) fade = [P() + iQ) ][o'(t) + iy! (A) dP. 


(AB) 
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This is precisely the result obtained by applying to the integral 
Jf (#) da the formula established for definite integrals in the case of 
real functions of real variables; that is, in order to calculate the 
integral ff(z)dz we need only substitute (¢) + 7i(¢) for z and 
['(¢) + iy'() dt for dz in f(z)dz. The evaluation of [f(z)dz is 
thus reduced to the evaluation of two ordinary definite integrals. If 
the path AMB is composed of several pieces of distinct curves, the 
formula should be applied to each of these pieces separately. 

Let us consider, for example, the definite integral 


We cannot integrate along the axis of reals, since the function to be 
integrated becomes infinite for z= 0, but we can follow any path 
whatever which does not pass through the origin. Let z describe a 
semicircle of unit radius about the origin as center. This path is 
given by setting z = e“ and letting ¢ vary from 7 to 0. Then the 
integral takes the form 


de 
iis = [ie te“ dt =7% if costae [- sin ¢ dt = — 2. 


This is precisely the result that would be obtained by substituting 
the limits of integration directly in the primitive function — 1/z 
according to the fundamental formula of the integral calculus 
(1, § 78, 2d ed.; § 76, 1st ed.). 


More generally, let z= @(u) be a continuous function of a new complex 
variable u = € + 7% such that, when wu describes in its plane a path CND, the 
variable z describes the curve AMB. To the points of division of the curve 
AMB correspond on the curve CND the points of division uy, uy, Ug) +++, Ue —1, 
Uz,+++, UW. If the function ¢ (u) possesses a derivative ¢’(u) along the curve CVD, 
we can write 

Ze — @e-1 


4 
= Ute , 
i pe g ( k 1) + &, 


where « approaches zero when wz approaches u,z—1 along the curve CND. 


Taking ¢—1 = @—1 and replacing z; — z,—1 by the expression derived from the 
preceding equality, the sum S, considered above, becomes 


n n 
S =>) f(e-1) p (Uz—1) (UR — U1) + > ext (Ze—1) (Ue — Ue—1). 
anal k=1 
The first part of the right-hand side has for its limit the definite integral 


Len Fle CO] 9 (u) du. 
(CND) 
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As for the remaining term, its absolute value.is smaller than 7ML’, where » isa 
positive number greater than each of the absolute values | ez |and where L’ is the 
length of the curve CND. If the points of division can be taken so close that 
all the absolute values |«,| will be less than an arbitrarily chosen positive num- 
ber, the remaining term will approach zero, and the general formula for the 
change of variable will be 


Saxnt® aes if a ‘Lo (u)] ou) du. 


This formula is always applicable when ¢(u) is an analytic function ; in fact, 
it will be shown later that the derivative of an analytic function is also an 
analytic function* (see § 34). 


27. The formule of Weierstrass and Darboux. The proof of the law 
of the mean for integrals (I, § 76, 2d ed.; § 74, 1st ed.) rests upon 
certain inequalities which cease to have a precise meaning when 
applied to complex quantities. Weierstrass and Darboux, however, 
have obtained some interesting results in this connection by con- 
sidering integrals taken along a segment of the axis of reals. We 
have seen above that the case of any path whatever can be reduced 
to this particular case, provided certain mild restrictions are placed 
upon the path of integration. 

Let J be a definite integral of the following form : 


r= [POl6O+ HOIU, 





* If this property is admitted, the following proposition can easily be proved. 
Let f(z) be an analytic function in a finite region A of the plane. For every posi- 
tive number e another positive number n can be found such that 


Gig » eo) Peon 





when zandz+h are two points of A whose distance from each other |h| is less than n. 
For, let #(z) =P (a, y)+71Q(«, y), k= Ax + iAy. From the calculation made in § 3, to 
find the conditions for the existence of a unique derivative, we can write 
Ft D=~$O yyy _lPalet Ode, NP, yA 
h * Az + iAy 
, Pu e+ Ax, 9 + Ody) Pye, wy) ay 
Az + iAy 








Since the derivatives IPR BP Q;, Q, are continuous in the region A, we can find a num 
ber 7 such that the absolute values of the coefficients of Ax and of Ay are less than e/4, 
when V Ac? + Ay? is less than 7. Hence the inequality written down above will be 
satisfied if we have |h|< 7. This being the case, if the function ¢ (u) is analytic in 
the region A, all the absolute values || will be smaller than a given positive number e, 
provided the distance between two consecutive points of division of the curve CND 
is less than the corresponding number ». and the formula (2) will be established. 
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where f(t), #(¢), (¢) are three real functions of the real variable ¢ 
continuous in the interval (a, 8). From the very definition of the 
integral we evidently have 


8 B 
=f roemurif sOvoae 


Let us suppose, for definiteness, that a < 8; then ¢ — ais the length 
of the path of integration measured from a, and the general formula 
which gives an upper bound for the absolute value of a definite 
integral becomes 


8 
=f \POl6O+ Hear 
or, supposing that f(z) 1s positive between @ and B, 
B 
=f POle+ Hola 


Applying the law of the mean to this new integral, and indicating 
by € a value of ¢ lying between @ and B, we have also 


B 
7) =|¢O+4©| ic f(t) dt. 


Setting F(¢) = $(¢) + w(t), this result may also be written in the 
form 


(3) r=rr [fat 


where A is a complex number whose absolute value is less than or 
equal to unity; this is Darboux’s formula. 

To Weierstrass is due a more precise expression, which has a rela- 
tion to some elementary facts of statics. When ¢ varies from a to £, 
the point with the codrdinates x = $(¢), y =y(¢) describes a certain 
curve L. Let (a, Y), (®1) Y)9° °°» (e-19 Ye-1)) *** be the points of 
L which correspond to the values @, ¢,,---,%_1,+++ of ¢; and let 


us set pk So (te 1) F(te-1) (&e — 4-1) : 
Ef (te—1) Ge — %e-1) 
ye W(t) F (te) (Ce = tes), 
2 f(t 1) Ge — te-1) 
According to a known theorem, X and Y are the codrdinates of the 
center of gravity of a system of masses placed at the points (a,; y,), 
(ayy Yy)o 00+) (Cer) Ye-1)) Of the curve L, the mass placed at the 
point (%_1, Y,—1) being equal to f(t,_1)(& — %&_1), where f(£) is 
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still supposed to be positive. It is clear that the center of gravity 
lies within every closed convex curve C that envelops the curve L. 
When the number of intervals increases indefinitely, the point (X, Y) 
will have for its limit a point whose codrdinates (wv, v) are given by 
the equations 
_LIOsOe | _ EFOuOae 
"Pr @ae [Pr@ae 

which is itself within the curve C. We can state these two formule 
as one by writing 


B B 
(4) I=(u+ io) f SQ) dt = zf F(t) dt, 


where Z is a point of the complex plane situated within every closed 
convex curve enveloping the curve L. It is clear that, in the general 
case, the factor Z of Weierstrass is limited to a much more restricted 
region than the factor AF (€) of Darboux. 


28. Integrals taken along a closed curve. In the preceding para- 
graphs, it suffices to suppose that f(z) is a continuous function of 
the complex variable z along the path of integration. We shall now 
suppose also that f(z) is an analytic function, and we shall first con- 
sider how the value of the definite integral is affected by the path 
followed by the variable in going from A to B. 

If a function f(z) is analytic within a closed curve and also on the 
curve itself, the integral {f(z)dz, taken around that curve, is equal 
to zero. 

In order to demonstrate this fundamental theorem, which is due 
to Cauchy, we shall first establish several lemmas : 

1) The integrals fdz, fz dz, taken along any closed curve what, 
ever, are zero. In fact, by definition, the integral fdz, taken along 
any path whatever between the two points a, 4, is equal to b — a, 
and the integral is zero if the path is closed, since then b =a. As 
for the integral fz dz, taken along any curve whatever joining two 
points a, b, if we take successively ¢ = 2, 1, then %, = % (§ 25), 
we see that the integral is also the limit of the sum 





es — %) + 41 Bina = % 
2 
hence it is equal to zero if the curve is closed. 
2) If the region bounded by any curve C whatever be divided 
into smaller parts by transversal curves drawn arbitrarily, the sum 
of the integrals f f(z) dz taken in the same sense along the boundary 


i 
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of each of these parts is equal to the integral ff(z)dz taken along 
the complete boundary C. It is clear that each portion of the auxil- 
lary curves separates two contiguous regions and must be described 
twice in integration in opposite senses, Adding all these inte- 
grals, there will remain then only the integrals taken along the 
boundary curve, whose sum is the integral on (2) dz. 

Let us now suppose that the region A is divided up, partly in 
smaller regular parts, which shall be squares having their sides 
parallel to the axes Ox, Oy; partly in irregular parts, which shall be 
portions of squares of which the remaining part lies beyond the 
boundary C. These squares need not necessarily be equal. For ex- 
ample, we might suppose that two sets of parallels to Ox and Oy 
have been drawn, the distance between two neighboring parallels 
being constant and equal to 7; then some of the squares thus obtained 
might be divided up into smaller squares by new parallels to the 
axes. Whatever may be the manner of subdivision adopted, let us 
suppose that there are N regular parts and WN’ irregular parts; let 
us number the regular parts in any order whatever from 1 to N, and 
the irregular parts from 1 to N’. Let /; be the length of the side of 
the ith square and ld; that of the square to which the Ath irregular 
part belongs, Z the length of the boundary C, and A the area of a 
polygon which contains within it the curve C. 

Let abcd be the ith square (Fig. 13), let z; be a point taken in its 
interior or on one of its sides, and let z be any point on its boundary. 
Then we have 


(5) FOALED — Ue) + « 





Fig. 13 


where |e¢,| is small, provided that the side of the square is itsett 
small. It follows that 


SJ (2) = 2f"(4%) + f(zA- %f" (4) + €(% — %), 
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f(ajdz=f'(e,) | zedze+[(fe@)—*P@)] | a+] « (2 — z,) dz, 
(4) (i) (4) (¢i) 
where the integrals are to be taken along the perimeter ¢; of the 
square. By the first lemma stated above, this reduces to the form 


(6) S@)de= | ae —%) de. 
(<i) (%) 


Again, let pgrst be the kth irregular part, let 2; be a point taken 
in its interior or on its perimeter, and let z be any point of its 
perimeter. Then we have, as above, 


LE\~S EH) _ 


(7) ee aaa) ree, 
eR 
where e; is infinitesimal at the same time as /;; whence we find 
(8) S (2) dz =f €, (2 — 2%) dz. 
(4) (%) 


Let » be a positive number greater than the absolute values of 
all the factors e; and «. The absolute value of z — 2; is less than 
i, V2; hence, by (6), we find 
| f (2) dz| <4 2n V2 = 4yV2 6, 

(4) 
where w, denotes the area of the cth regular part. From (8) we find, 
in the same way, 


[po 


where ,; is the area of the square which contains the Ath irregular 
part. Adding all these integrals, we obtain, a fortiori, the inequality 





<li V2 (4, + avers) = 44 V2 of + ii V2 arers, 





(9) 


where is an upper bound for the sides 7%. When the number of 
squares is increased indefinitely in such a way that all the sides J, 
and /; approach zero, the sum So; + Se; finally becomes less than 4. 
On the right-hand side of the inequality (9) we have, then, the product 
of a factor which remains finite and another factor » which can be 
supposed smaller than any given positive number. This can be true 
only if the left-hand side is zero; we have then 





1 S(@) aol n [4 V2 (3a, + Sop) +A V2 rl 
(C) 





‘ J (@) dz = 0. 
(c) 
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29. In order that the preceding conclusion may be legitimate, we must make 
sure that we can take the squares so small that the absolute values of all the 
quantities ¢;, ¢, will be less than a positive number 7 given in advance, if the 
points 2, and z are suitably chosen.* We shall say for brevity that a region 
bounded by a closed curve y, situated in a region of the plane inclosed by the 
curve C, satisfies the condition (a) with respect to the number 7 if it is possible 
to find in the interior of the curve y or on the curve itself a point 2’ such that 
we always have 


(a) [F@) —F@)— &— “LP @)| S [2-2 | 0, 


when z describes the curve y. The proof depends on showing that we can choose 
the squares so small that all the parts considered, regular and irregular, satisfy the 
condition (a) with respect to the number 7. 

We shall establish this new lemma by the well-known process of successive 
subdivisions. Suppose that we have first drawn two sets of parallels to the axes 
Ox, Oy, the distance between two adjacent parallels being constant and equal 
to l. Of the parts obtained, some may satisfy the condition (a), while others 
do not. Without changing the parts which do satisfy the condition (q@), we shall 
divide the others into smaller parts by joining the middle points of the opposite 
sides of the squares which form these parts or which inclose them. If, after 
this new operation, there are still parts which do not satisfy the condition (a), 
we will repeat the operation on those parts, and so on. Continuing in this way, 
there can be only two cases: either we shall end by having only regions which 
satisfy the condition (a), in which case the lemma is proved ; or, however far 
we go in the succession of operations, we shall always find some parts which do 
not satisfy that condition. 

In the latter case, in at least one of the regular or irregular parts obtained 
by the first division, the process of subdivision just described never leads us to 
a set of regions all of which satisfy the condition (a) ; let A, be such a part. 
After the second subdivision, the part A, contains at least one subdivision A, 
which cannot be subdivided into regions all of which satisfy the condition (a). 
Since it is possible to continue this reasoning indefinitely, we shall have a suc- 


cession of regions 
A, hon ala 0004 Hela, occ 


which are squares, or portions of squares, such that each is included in the pre- 
ceding, and whose dimensions approach zero as n becomes infinite. There is, 
therefore, a limit point z) situated in the interior of the curve or on the curve 
itself. Since, by hypothesis, the function f(z) possesses a derivative ’(z)) for 
2 = 2, we can find a number p such that 


|F(@) — FG) — @ = 2%) Fo) | S 11% — Zl, 


provided that |z— z,| is less than p. Let c be the circle with radius p described 
about the point z, as center. For large enough values of n, the region A, will 
lie within the circle c, and we shall have for all the points of the boundary of A,, 


|F(2) — Fo) — (@ — 20) Fo) | = 1% — 20/0 





* GoursaT, Transactions of the American Mathematical Society, 1900, Vol. I, p. 14. 
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Moreover, it .is clear that the point z, is in the interior of A, or on the boundary ; 
hence that region must satisfy the condition (a) with respect to 7. We are 
therefore led to a contradiction in supposing that the lemma is not true. 


30. By means of a suitable convention as to the sense of integra- 
tion the theorem can be extended also to boundaries formed by 
several distinct closed curves. Let us consider, for example, a func- 
tion f(z) analytic within the region A bounded by the closed curve C 
and the two interior curves C’, C", and on these curves themselves 
(Fig. 14). The complete boundary I of the region A is formed by 
these three distinct curves, and we shall say that that boundary is 
described in the positive sense if the region 
A is on the left hand with respect to this 
sense of motion; the arrows on the figure 
indicate the positive sense of description 
for each of the curves. With this agree- 
ment, we have always 


[ sow=o, 


Fia. 14 the integral being taken along the complete 

boundary in the positive sense. The proof 

given for a region with a simple boundary can be applied again 

here; we can also reduce this case to the preceding by drawing the 

transversals ab, ed and by applying the theorem to the closed curve 
abmbandepedga (1, § 153). 

It is sometimes convenient in the applications to write the preced- 

ing formula in the form 


[sow =f rout f Jie)ae, 


where the three integrals are now taken in the same sense; that is, 
the last two must be taken in the reverse direction to that indicated 
by the arrows. 

Let us return to the question proposed at the beginning of § 28; 
the answer is now very easy. Let f(z) be an analytic function in a 
region A of the plane. Given two paths A MB, ANB, having the same 
extremities and lying entirely in that region, they will give the same 
value for the integral f f(z) dz if the function f(z) is analytic within 
the closed curve formed by the path 4MB followed by the path 
BNA, We shall suppose, for definiteness, that that closed curve 
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does not have any double points. Indeed, since the sum of the two 
integrals along 4 MB and along BNA is zero, the two integrals along 
AMB and along ANB must be equal. We can state this result again 
as follows: Two paths AMB and ANB, having the same extremities, 
give the same value for the integral [ f(z) dz if we can pass from one 
to the other by a continuous deformation without encountering any 
point where the function ceases to be analytic. 

This statement holds true even when the two paths have any num- 
ber whatever of common points besides the two extremities (I, § 152). 
From this we conclude that, when f(z) is analytic in a region 
bounded by a single closed curve, the integral ff(z)dz is equal to 
zero when taken along any closed curve whatever situated in that 
region. But we must not apply this result to the case of a region 
bounded by several distinct closed curves. Let us consider, for exam- 
ple, a function f(z) analytic in the ring-shaped region between two 
concentric circles C, C’. Let C" be a circle having the same center 
and lying between C and C'; the integral f{ f(z) dz, taken along C", 
is not in general zero. Cauchy’s theorem shows only that the value 
of that integral remains the same when the radius of the circle C” 
is varied.* 





* Cauchy’s theorem remains true without any hypothesis upon the existence of 
the function f(z) beyond the region A limited by the curve C, or upon the existence 
of a derivative at each point of the curve C itself. It is sufficient that the function f (z) 
shall be analytic at every point of the region A, and continuous on the boundary C, 
that is, that the value f(Z) of the function in a point Z of C varies continuously with 
the position of Z on that boundary, and that the difference f(Z) —/(z), where z is an 
interior point, approaches zero uniformly with |Z—z|. In fact, let us first suppose 
that every straight line from a fixed point a of A meets the boundary in a single 
point. When the point z describes C, the point a+ 6 (z— a) (where @ is a real number 
between 0 and 1) describes a closed curve C’ situated in A. The difference between 
the two integrals, along the curves C and C’, is equal to 


a= f {4@)-Oflz-@-@ A-O)}} az, 
(C) 


and we can take the difference 1-6 so small that |6| will be less than any given 
positive number, for we can write the function under the integral sign in the form 


S(2®—-S[z-(2- a (1-8)] + A- YF [z- (z-@ A- 8). 


Since the integral along (” is zero, we have, then, also 


if f (2) dz=0. 
(o 


In the case of a boundary of any form whatever, we can replace this boundary by a 
succession of closed curves that fulfill the preceding condition by drawing suitably 
placed transversals. 
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31. Generalization of the formule of the integral calculus. Let /(~) 
be an analytic function in the region 4 limited by a simple boundary 
curve C. The definite integral 


©(Z) -[ ‘fede 


taken from a fixed point z, up to a variable point Z along a path 
lying in the region 4, is, from what we have just seen, a definite 
function of the upper limit Z. We shall now show that this function 
®(Z) is also an analytic function of Z whose derivative is f(Z). 
For let Z + h be a point near 7; then we have 

Zh 


a(Z+h-2(Z)=[ — f@de, 


and we may suppose that this last integral is taken along the seg- 
ment of a straight line joining the two points Z and Z +h. If the 
two points are very close together, f(z) differs very little from f(Z) 
along that path, and we can write 


SE) =L(Z) +8, 
where |8| is less than any given positive number y, provided that |/| 
is small enough. Hence we have, after dividing by h, 


PENA W ya) if bee 


The absolute value of the last integral is less than »|h|, and there- 
fore the left-hand side has for its limit f(Z) when h approaches zero. 

If a function F(Z) whose derivative is f(Z) is already known, the 
two functions (7) and F(Z) differ only by a constant (footnote, 
p- 38), and we see that the fundamental formula of integral calculus 
can be extended to the case of complex variables : 


(10) { © dz = F(z,) — F(z,). 


This formula, established by supposing that the two functions f(z), 
F(z) were analytic in the region A, is applicable in more general 
cases. It may happen that the function F(z), or both f(z) and F(z) 
at the same time, are multiple-valued; the integral has a precise 
meaning if the path of integration does not pass through any of the 
critical points of these functions. In the application of the formula 
it will be necessary to pick out an initial determination F(z,) of the 
primitive function, and to follow the continuous variation of that 
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function when the variable z describes the path of integration. 
Moreover, if f(z) is itself a multiple-valued function, it will be neces- 
sary to choose, among the determinations of F(z), that one whose 
derivative is equal to the determination chosen for f(z). 

Whenever the path of integration can be inclosed within a region 
with a simple boundary, in which the branches of the two functions 
S(), F(#) under consideration are analytic, the formula may be 
regarded as demonstrated. Now in any case, whatever may be the 
path of integration, we can break it up into several pieces for which 
the preceding condition is satisfied, and apply the formula (10) to 
each of them separately. Adding the results, we see that the for- 
mula is true in general, provided that we apply it with the necessary 
precautions. 

Let us, for example, calculate the definite integral Jb 2 dz, taken © 
along any path whatever not passing through the origin, where m is 
a real or a complex number different from —1. One primitive func- 
tion is 2”*1/(m +1), and the general formula (10) gives 


AA Cand —even tt 
2" dz = ————__—__- 
f m +1 


O) 


In order to remove the ambiguity present in this formula when m 
is not an integer, let us write it in the form: 


Al em + D Log (%) _ pm + 1) Log (2) 
2 de = 
m+1 


“0 
The initial value Log (z,) having been chosen, the value of z” is 
thereby fixed along the whole path of integration, as is also the final 
value Log (z,). The value of the integral depends both upon the 
initial value chosen for Log (z,) and upon the path of integration. 
Similarly, the formula 


fh O5S dz = Log[f(#,)] — Log [f(,)] 


does not present any difficulty in interpretation if the function f(z) 
is continuous and does not vanish along the path of integration 
The point w = f(z) describes in its plane an are of a curve not pass- 
ing through the origin, and the right-hand side is equal to the vari- 
ation of Log(w) along this arc. Finally, we may remark in passing 
that the formula for integration by parts, since it is a consequence 
of the formula (10), can be extended to integrals of functions of a 


complex variable. 
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32. Another proof of the preceding results. The properties of the 
integral ff(z)dz present a great analogy to the properties of line 
integrals when the condition for integrability is fulfilled (I, § 152). 
Riemann has shown, in fact, that Cauchy’s theorem results im- 
mediately from the analogous theorem relative to line integrals. 
Let f(2)=X + Yi be an analytic function of z within a region A 
with a simple boundary; the integral taken along a closed curve C 
lying in that region is the sum of two line integrals: 


S(2)dze= | Xda —Ydy+ if Ydx + Xdy, 
(C) (C) (C) 
and, from the relations which connect the derivatives of the func- 


tions X, Y. : 
arta Ox 3x. Ee er 


ox Oy’ = by.~t«ée 





we see that both of these line integrals are zero * (I, § 152). 

It follows that the integral ibe J (2) dz, taken from a fixed point z, 
to a variable point z, is a single-valued function ®(z) in the region A. 
Let us separate the real part and the coefficient of ¢ in that function : 

®(z) = P(x, y) + 1Q(a, y), 
@y) (x, ¥) 
PG, Y) = Xdx — Ydy, Vea, y= Ydx + Xdy. 


(&q1 Yo) (Lp Yq) 
The functions P and Q have partial derivatives, 
aP ag, (a egal aie age 
Ou: ; oy ; Oa: ‘ Cy 
which satisfy the conditions 
OP _@Q oP 6Q 


Oe Oy’ by 
Consequently, P + Qi is an analytic function of 2 whose derivative 
is X + Yi or f(z). 

If the function f(z) is discontinuous at a certain number of points 
of A, the same thing will be true of one or more of the functions X, 
Y, and the line integrals P (a, y), Q(a, y) will in general have periods 
that arise from loops described about points of discontinuity (I, § 153). 
The same thing will then be true of the integral 4 S(#)dz. We shall 
resume the study of these periods, after having investigated the nature 
of the singular points of f(z). 











* It should be noted that Riemann’s proof assumes the continuity of the deriva- 
tives 0X/dx, 0Y/dy, +++; that is, of #’(z). 
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To give at least one example of this, let us consider the integral Sp az/z. 
After separating the real part and the coefficient of i, we have 


(See tidy r@wade + ydy A 
1 2 Yao e+ty dao 2+? ao ay? 
The real part is equal to [log (x? + y?)]/2, whatever may be the path followed. 
As for the coefficient of i, we have seen that it has the period 277; it is equal 


to the angle through which the radius vector joining the origin to the point 
(c, y) has turned. We thus find again the various determinations of Log (z). 


II. CAUCHY’S INTEGRAL. TAYLOR’S AND LAURENT’S 
SERIES. SINGULAR POINTS. RESIDUES 


We shall now present a series of new and important results, which 
Cauchy deduced from the consideration of definite integrals taken 
between imaginary limits. 


33. The fundamental formula. Let f(z) be an analytic function in 
the finite region A limited by a boundary I, composed of one or of 
several distinct closed curves, and continuous on the boundary itself. 
If x is a point * of the region 4, the function 


mAG 


2— @ 


is analytic in the same region, except at the point 2 = a. 

With the point x as center, let us describe a circle y with the 
radius p, lying entirely in the region 4; the preceding function is 
then analytic in the region of the plane limited by the boundary Ir 
and the circle y, and we can apply to it the general theorem (§ 28). 
Suppose, for definiteness, that the boundary I is composed of two 
closed curves C, C’ (Fig. 15). Then we have 


f@) dz = SI (@) dz se F(2) a 


2— 4 DR ae! by A—-@ 
(C) Pe () wy @ * 


where the three integrals are taken in the sense indicated by the 
arrows. We can write this in the form 


S(@) dz _ f(@) ae | 


oy Gee 





* In what follows we shall often have to consider several complex quantities at the 
same time. We shall denote them indifferently by the letters x, z,, +--+. Unless itis 
expressly stated, the letter x will no longer be reserved to denote a real variable. 
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where the integral i (r, denotes the integral taken along the total 
boundary Tin the positive sense. If the radius p of the circle y is 
very small, the value of f(z) at any point of this circle differs very 


little from f(a): i 
A fe) =F) +8, 
where |8| is very small. Replacing f(z) by this value, we find 


af {2 ALL of +f a 


The first integral of the right-hand side is easily evaluated; if we 
put z= x + pe, it becomes 


dz °™ ipe® d Omari es 
2-2 pe” Ais 
” 


The second integral [,,8dz/(z — =a is therefore independent of the 
radius p of the circle y; on the other hand, if |8| remains less than 














Fie. 15 


a positive number 7», the absolute value of this integral is less than 
(n/p) 2717p = 277. Now, since the function f(z) is continuous for 
z=, we can choose the radius p so small that » also will be as 
small as we wish. Hence this integral must be zero. Dividing the 
two sides of the equation (11) by 2 7, we obtain 


1 (2) dz 


Ooi z—2 


(12) f(®) = 
) 
This is Cauchy’s fundamental formula. It expresses the value of the 
function f(z) at any point x whatever within the boundary by means 
of the values of the same function taken only along that boundary. 
Let x + Aw be a point near a, which, for example, we shall suppose 
lies in the interior of the circle y of radius p. Then we have also 


S(@ + Av) = es sen ey eve 
2 171 iy? — 2 — Ax’ 
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and consequently, subtracting the sides of (12) from the correspond- 
ing sides of this equation and dividing by Az, we find 


S(@+Ax)—f(@)_ 1 S(#) dz 
x aah 


Az (2 — a) (2 —2%— Ax) 


When Az approaches zero, the function under the integral sign ap- 
proaches the limit /(z)/(¢ — «)?. In order to prove rigorously that 
we have the right to apply the usual formula for differentiation, let 
us write the integral in the form 


ff fede =f z S@ de, +f Aw f(z) dz 
) a ¢ @) 


(2 — x) (2 — # — Az) z— x)? (2 —a)*(e — 2 — Az) 


Let M be an upper bound for | f(z)| along I, Z the length of the 
boundary, and 6 a lower bound for the distance of any point what- 
ever of the circle y to any point whatever of T. The absolute value 
of the last integral is less than ML|Aw|/8* and consequently ap- 
proache zero with |Aa|. Passing to the limit, we obtain the result 


(13) Dey Ararat 


It may be shown in the same way that the usual method of differ- 
entiation under the integral sign can be applied to this new integral * 
and to all those which can be deduced from it, and we obtain 


successively 
Sede J (2) dz 
" = fu — 
YO ke i Tt aC _ a) TDS oe Tt Nee _ a)” 


and, in general, 


(14) f(a) = s— fede. 


(ry @ —x)"t? 


Hence, if a function f(z) is analytic in a certain region of the plane, 
the sequence of successive derivatives of that function is unlimited, 
and all these derivatives are also analytic functions in the same 
region. It is to be noticed that we have arrived at this result by 
assuming only the existence of the first derivative. 


Note. The reasoning of this paragraph leads to more general con- 
clusions. Let $(z) be a continuous function (but not necessarily 











* The general formula for differentiation under the integral sign will be established 
later (Chapter V). 


78 THE GENERAL CAUCHY THEORY [Il, § 33 


analytic) of the See variable # along the curve I, closed or not. 


The integral 
F@)= Ife p (2) dz 


@ 


has a definite value for every value of 2 that does not lie on the 
path of integration. The evaluations just made prove that the limit 
of the quotient [F(a + Ax) — F(«)]/Az is the definite integral 


=e aa eye 


when |Ax| approaches zero. Hence F(x) is an analytic function for 
every value of x, except for the points of the curve I’, which are in 
general singular points for that function (see § 90). Similarly, we 
find that the nth derivative F(a) has for its value 


F (x) =n! ~ pda 


a pam a)* +1 


34, Morera’s theorem. A converse of Cauchy’s fundamental theorem which 
was first proved by Morera may be stated as follows: If a function f(z) of a 
complex variable z is continuous in a region A, and if the definite integral So S (2) dz, 
taken along any closed curve C lying in A, is zero, then f(z) is an analytic func- 
tion in A. 

For the definite integral F(z) = ae F(t) dt, taken between the two points z, z 
of the region A along any path whatever lying in that region, has a definite 
value independent of the path. If the point z, is supposed fixed, the integral 
is a function of z. The reasoning of § 31 shows that the quotient AF/Az has 
f(z) for its limit when Az approaches zero. Hence the function F(z) is an 
analytic function of z having f(z) for its derivative, and that derivative is 
therefore also an analytic function. 


35. Taylor’s series. Let f(z) be an analytic function in the interior 
of a circle with the center a; the value of that function at any point 
x within the circle is equal to the sum of the convergent series 





(15) cheats Sok 
+ EEF p@ t+ Fa pos. 


In the demonstration we can suppose that the function f (z) 1s 
analytic on the circumference of the circle itself; in fact, if 2 is any 
point in the interior of the circle C, we can always find a circle C’, 
with center a and with a radius less than that of C, which contains 
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the point # within it, and we would reason with the circle C' just as 
we are about to do with the circle C. With this understanding, « 
being an interior point of C, we have, by the fundamental formula, 


(12') f(@)= call SF) ae, 


o®—% 


Let us now write 1/(z — x) in the following way: 


vor, carrying out the division up to the remainder of degree n +1 in 
x— a, 








1 il x—a L— a) 
ap saee te i) G2 Coat 
(% — a)” (a — a)r*} ; 
"Goat! @—ae—2ayh 


Let us replace 1/(z — x) in the formula (12') by this expression, 
and let us bring the factors a — a, (w — a)’,---, independent of z, 
outside of the integral sign. This gives 


J (@)= J, + 4,(@ — a) + pee J, (0 =O)" k,,, 


where the coefficients J,, /,, +++, J, and the remainder R, have the 


(e)dz us S(@) dz bas 
Jo “Frid zZ2—-a dn pas |) Gear , 
16 (Ce) (Cc) 
(9) SF (@) dz peak 1 ices eee 
(C) 


J, La Aan rae Syesn at bof Weg 
=55 ene a) 2 1 Zo ee 


values 








As n becomes infinite the remainder R, approaches zero. For let 
M be an upper bound for the absolute value of f(z) along the circle 
C, R the radius of that circle, and 7 the absolute value of ~ — a. We 
have |z — «| =R — 7, and therefore |1/(z — x)|S1/(R — r), when z 
describes the circle C. Hence the absolute value of R,, is less than 


il (ayia panty tees (oii 
6 = = ? 
2mr\R R—-?r R—r\R 
and the factor (r/R)"*1 approaches zero as becomes infinite. From 


this it follows that f(x) is equal to the convergent series 


S(@)=J,+I,(@—a)+--: + J, (@ — a)" Baas 2 
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Now, if we put « =a in the formule (12), (13), (14), the boundary 
I being here the circle C, we find 
Te a 
J,=f(), J,=f'(@), be J, = 


ie 


The series obtained is therefore identical with the series (15); that 
is, with Taylor’s series. 

The circle C is a circle with center a, in the interior of which the 
function is analytic; it is clear that we would obtain the greatest 
circle satisfying that condition by taking for radius the distance 
from the point @ to that singular point of f(z) nearest a. This is 
also the circle of convergence for the series on the right.* 

This important theorem brings out the identity of the two defini- 
tions for analytic functions which we have given (I, $197, 2d ed.; 
$191, 1st ed.; and II, §3). In fact, every power series represents 
an analytic function inside of its circle of convergence (§ 8); and, 
conversely, as we have just seen, every function analytic in a circle 
with the center a can be developed in a power series proceeding 
according to powers of « — a and convergent inside of that circle. 
Let us also notice that a certain number of results previously estab- 
lished become now almost intuitive; for example, applying the 
theorem to the functions Log(1 + 2) and (1 + 2)”, which are ana- 
lytic inside of the circle of unit radius with the origin as center, 
we find again the formule of §§17 and 18. 

Let us now consider the quotient of two power series f(«)/$ (2), 
each convergent in a circle of radius R. If the series ¢(x) does not 
vanish for « = 0, since it is continuous we can describe a circle of 
radius 7 = FR in the whole interior of which it does not vanish. The 
function f(«)/(x) is therefore analytic in this circle of radius r and 
can therefore be developed in a power series in the neighborhood 
of the origin (I, § 188, 2d ed.; § 183, 1st ed.). In the same way, the 
theorem relative to the substitution of one series in another series 
can be proved, ete. 


Note. Let f(z) be an analytic function in the interior of a circle C 
with the center @ and the radius 7 and continuous on the circle 
itself. The absolute value | f(z)| of the function on the circle is a 
continuous function, the maximum value of which we shall indicate 
by AC(r). On the other hand, the coefficient a, of (« — a)" in the 





* This last conclusion requires some explanation on the nature of singular points. 
which will be given in the chapter devoted to analytic extension. ; 
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development of f(z) is equal to f™(a)/n!, that is, to 
ul S(z)dz, 


° bd 
2 Tt J(z — a)"*? 
we have, then, 


(17) Ay = || < oe 2 er = SO, 


so that AC(r) is greater than all the products A,r".* We could use 
MC(r) instead of M in the expression for the dominant function 
(1, $186, 2d ed.; § 181, 1st ed.). 


36. Liouville’s theorem. If the function f(x) is analytic for every 
finite value of x, then Taylor’s expansion is valid, whatever a may be, 
in the whole extent of the plane, and the function considered is called 
an integral function. From the expressions obtained for the coeffi- 
cients we easily derive the following proposition, due to Liouville: 


Kvery integral function whose absolute value is always less than a 
fixed number M is a constant. 


For let us develop f(x) in powers of x — a, and let a, be the 
coefficient of (a —a)*. It is clear that T(r) is less than M, what- 
ever may be the radius 7, and therefore |q,| is less than M/7". But 
the radius 7 can be taken just as large as we wish; we have, then, 
a, = 0 if n 21, and f(x) reduces to a constant f(a). 

More generally, let f(a) be an integral function such that the 
absolute value of f(x)/a™ remains less than a fixed number M for 
values of « whose absolute value is greater than a positive number 
R; then the function f(x) is a polynomial of degree not greater than 
m. For suppose we develop f(x) in powers of x, and let a, be the 
coefficient of «. If the radius r of the circle C is greater than R, we 
have AC(r) < Mr™, and consequently |a,|< Mr"-". If n> m, we 
have then a, = 0, since Mr"-* can be made smaller than any given 
number by choosing 7 large enough. 


37. Laurent’s series. The reasoning by which Cauchy derived 
Taylor’s series is capable of extended generalizations. Thus, let 
J (2) be an analytic function in the ring-shaped region between the 


* The inequalities (17) are interesting, especially since they establish a relation 
between the order of magnitude of the coefficients of a power series and the order of 
magnitude of the function; T(r) is not, in general, however, the smallest number 
which satisfies these inequalities, as is seen at once when all the coefficients a, are 
real and positive. These inequalities (17) can be established without making use of 
Cauchy’s integral (MéraAy, Lecons nowvelles sur l analyse infinitésimale, Vol. I, p. 99). 
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two concentric circles C, C' having the common center a. We shall 
show that the value f(a) of the function at any point x taken in that 
region is equal to the sum of two convergent series, one proceeding in 
positive powers of x — a, the other in positive powers of 1/(a~ — a).* 

We can suppose, just as before, that the function f(z) is analytic 
on the circles C, C' themselves. Let R, R' be the radii of these circles 
and 7 the absolute value of « — a;if C' is the interior circle, we have 
R'<r<R. About x as center let us describe a small circle y lying 
entirely between C and C’. We have the equality 


z2—2@ 2-2 
the integrals being taken in a suitable sense; the last integral, taken 


along y, is equal to 2 wi f(x), and we can write the preceding relation 
in the form 


Q8) f@=55 eS @dz, 1  f@dz 


2—2 217% cy & —#% 
where the integrals are all taken in the same sense. 
Repeating the reasoning of § 35, we find again that we have 


1 f@ de _ 
. eda cia hie ares) fa Pb ia Co an 2) ag ee Oy 


where the coefficients J,, J,,-+-, J,,+++ are given by the formule 
(16). In order to develop the second integral in a series, let us 
notice that 











Bre hela il ved! B= lis 
ee ee ed (x aye t 
Ge (z — a)r-} (2 — a)" 
"@—a *@-a@-a" 


and that the integral of the complementary term, 


1 hc, Le YF) dz 
2 CR a iaay 

(Cc) 
approaches zero when n increases indefinitely. In fact, if M/' is the 
maximum of the absolute value of f(z) along C’, the absolute value 
of this integral is less than 


yt R' n M' tpl \n 
(2) pam = 208 (EY, 


on\r) r—R! r—R'\r 








* Comptes rendus de UV Académie des Sciences, Vol. XVII. See Huvres de Cauchy 
Ist series, Vol. VIII, p. 115. 
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and the factor R'/r is less than unity. We have, then, also 


(2)dz Koay We 
(20) Fe nee Pea eas ak 


where the coefficient K,, is equal to the definite integral 


al 
: 2 — a)*—! F(z) dz. 
4 yore) 


2 mri 


(21) Kk = 


Adding the two developments (19) and (20), we obtain the proposed 
development of f(a). 

In the formule (16) and (21), which give the coefficients J, and K,, 
we can take the integrals along any circle T whatever lying between C 
and C'and having the point a for center, for the functions under the 
integral sign are analytic in the ring. Hence, if we agree to let the 
index n vary from — « to-+, we can write the development of 
f(a) in the form 


(22) f@= ¥ Ie a) 


ru=—-@ 


where the coefficient /,, whatever the sign of n, is given by the 
formula 


care _S(@)dz__ 
(23) fs Qari an? i. arth 


Example. The same function f(z) can have developments which are entirely 
different, according to the region considered. Let us take, for example, a 
rational fraction f(x), of which the denominator has only simple roots with 
different absolute values. Let a, b,c, ---, / be these roots arranged in the order 
of increasing absolute values. Disregarding the integral part, which does not 
interest us here, we have 

B C L 


A 
TA lea ri 0 Tera a a 





In the circle of radius a about the origin as center, each of the simple frac- 
tions can be developed in positive powers of x, and the development of f(z) is 
identical with that given by Maclaurin’s expansion 


A L A L A L 
fea-(Gt-4Z)- (Gt tg)e- —(Satet eae 


In the ring between the two circles of radii|a| and |6| the fractions 1/(z — b), 
1/(a — c), +++, 1/(@ — 1) can be developed in positive powers of x, but 1/(z — a) 
must be developed in positive powers of 1/z, and we have 


fey=—(F+--4Z)- (Get gens 


B L 3 
(Gate tae t States a 
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In the next ring we shall have an analogous development, and so on. Finally, 
exterior to the circle of radius |/|, we shall have only positive powers of 1/z: 
_At--- 4D , Aat--- 4H ye Aas Babee EE ieee 


ay = fe x 





F(x) 


38. Other series. The proofs of Taylor’s series and of Laurent’s series are 
based essentially on a particular development of the simple fraction 1/(z — 7) 
when the point # remains inside or outside a fixed circle. Appell has shown that 
we can again generalize these formule by considering a function f(x) analytic 
in the interior of a region A bounded by any number whatever of arcs of 





Fig. 16 


circles or of entire circumferences.* Let us consider, for example, a function 
J (x) analytic in the curvilinear triangle PQR (Fig. 16) formed by the three 
ares of circles PQ, QR, RP, belonging respectively to the three circumferences 
C, OC’, C’. Denoting by z any point within this curvilinear triangle, we have 

















(24) f(a) == Toe |S foe Sf (2) dz 
™ Jpg ® — WhO oe ea ee 
Along the arc PQ we can write 
Lie el L—@ (x — a)” 1 gy" 
A ae ee (ajen 2—@\e— a) © 


where a is the center of C ; but when z describes the arc PQ, the absolute value 
of (« — a)/(z — a) is less than unity, and therefore the absolute value of the 


integral 
“face 
ee eee y 
2 ri (Pane %\*— 4 


approaches zero as n becomes infinite. We have, therefore, 





1 f(z) dz 


2 wri (Pq 2 —% 


(a) = Jot Ty(O— a) Hoes + In (t— a $ vee, 





* Acta mathematica, Vol. I, p. 145. 
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where the coefficients are constants whose expressions it would be easy to write 
out. Similarly, along the are QR we can write 
1 1 z—b (z— b)r-1 1 =Y 


Sa Oat aes (c—by» “a2—z\cz—b) ” 














where 6 is the center of C’. Since the absolute value of (z — b)"/(z — b)* ap- 
proaches zero as n becomes infinite, we can deduce from the preceding equation 
a development for the second integral of the form 

hily (2) ZG LG K, 


2 mri ge aE! Vc biaul will ined) 








(8) foes 


(QR) ~~ 
Similarly, we find 


1 d L L, L,, 
(7) sail Ad ante 0 4h a te Sood thang 
¢ 


2 7 Rpyt—-t te (x — c)? (x — c)” 


where c is the center of the circle C’. Adding the three expressions (a), (8), 
(vy), we obtain for f(x) the sum of three series, proceeding respectively accord- 
ing to positive powers of «— a, of 1/(x — 6), and of 1/(e—c). It is clear that 
we can transform this sum into a series of which all the terms are rational func- 
tions of z, for example, by uniting all the terms of the same degree in 2— a, 
1/(x— 6), 1/(e — ec). The preceding reasoning applies whatever may be the 
number of ares of circles. 

It is seen in the preceding example that the three series, (a), (8), (y), are 
still convergent when the point z is inside the triangle P’Q’R’, and the sum of 
these three series is again equal to the integral 


f(z) dz 
Z—2 


taken along the boundary of the triangle PQR in the positive sense. Now, when 
the point z is in the triangle P’Q’R’, the function f(z)/(z— x) is analytic in 
the interior of the triangle PQR, and the preceding integral is therefore zero. 
Hence we obtain in this way a series of rational fractions which is convergent 
when « is within one of the two triangles PQR, P’Q’R’, and for which the sum 
is equal to f(x) or to zero, according as the point x is in the triangle PQR or in the 
triangle P’Q’R’. 

Painlevé has obtained more general results along the same lines.* Let us con- 
sider, in order to limit ourselves to a very simple case, a convex closed curve [° 
having a tangent which changes continuously and a radius of curvature which 
remains under a certain upper bound. It is easy to see that we can associate 
with each point M of Ta circle C tangent to © at that point and inclosing that 
curve entirely in its interior, and this may be done in such a way that the center 
of the circle moves in a continuous manner with M. Let f(z) be a function ana- 
lytic in the interior of the boundary I and continuous on the boundary itself. 
Then, in the fundamental formula 











* Sur les lignes singuliéres des fonctions analytiques (Annales de la Faculté de 
Toulouse, 1888). 
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where x is an interior point to I, we can write 


1 1 L— a (~ — a)” 1 ey" 


= —— ——. oot 
z—-@% z-a (z—a)? (g—a)"t1 z—a\z—-4@ 











where a denotes the center of the circle C which corresponds to the point z of 
the boundary ; a is no longer constant, as in the case already examined, but it 
is a continuous function of z when the point M describes the curve Tr. Never- 
theless, the absolute value of (« — a)/(z — a), which is a continuous function of 
z, remains less than a fixed number p less than unity, since it cannot reach the 
value unity, and therefore the integral of the last term approaches zero as n 
becomes infinite. Hence we have 


eee (x — a)” 
} — +1 
27 aw «) (z— a) 


(25) JG) = S (2) dz, 

and it is clear that the general term of this series is a polynomial P,, (x) of 
degree not greater than n. The function f(a) is then developable in a series of 
polynomials in the interior of the boundary 1. 

The theory of conformal transformations enables us to obtain another kind 
of series for the development of analytic functions. Let f(x) be an analytic 
function in the interior of the region A, which may extend to infinity. Suppose 
that we know how to represent the region _A conformally on the region inclosed 
by a circle C such that to a point of the region A corresponds one and only 
one point of the circle, and conversely ; let wu = $(z) be the analytic function 
which establishes a correspondence between the region A and the circle C hay- 
ing the point w= 0 for center in the u-plane. When the variable u describes 
this circle, the corresponding value of z is an analytic function of u. The same 
is true of f(z), which can therefore be developed in a convergent series of 
powers of u, or of ¢(z), when the variable z remains in the interior of A. 

Suppose, for example, that the region A consists of the infinite strip included 
between the two parallels to the axis of reals y=+a. We have seen (§ 22) 
that by putting wu = (e"/24 — 1)/(e7224¢ + J) this strip is made to correspond to 
a circle of unit radius having its center at the point «= 0. Every function 
analytic in this strip can therefore be developed in this strip in a convergent 
series of the following form : 





5 Te n 
ea — ] 
OT DS 
n=0 e2a + 1 


39. Series of analytic functions. The sum of a uniformly conver 
gent series whose terms are analytic functions of 2 is a continuous 
function of z, but we could not say without further proof that that 
sum is also an analytic function. It must be proved that the sum has 
a unique derivative at every point, and this is easy to do by means 
of Cauchy’s integral. 

Let us first notice that a uniformly convergent series whose terms 
are continuous functions of a complex variable z can be integrated 
term by term, as in the case of a real variable. The proof given in 
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the case of the real variable (I, § 114, 2d ed.; § 174, 1st ed.) applies 
here without change, provided the path of integration has a finite 
length. 

The theorem which we wish to prove is evidently included in the 
following more general proposition : 
elses 


(26) AOQ+ARO + th@t- 
be a series all of whose terms are analytic functions in a region A 
bounded by a closed curve and continuous on the boundary. If the 
series (26) is uniformly convergent on TY, it is convergent in ever "y point 
of A, and its sum is an analytic function F(z) whose pth derivative 
ts spneroniad by the series formed by the pth derivatives of the terms 
of the series (26). 

Let (2) be the sum of (26) in a point of T; $(z) is a continuous 


function of z along the boundary, and we have seen (§ 33, Note) 
that the definite integral 


: YEO 
(27) F(2)= 1 (¢@d_ 1. jet 


° &y 
2 Ti 


a %*—% 201 Say #2 


where 2 is any point of A, represents an analytic function in the 
region A, whose pth derivative is the expression 


Sf) 
& dz ! vs 
(28) F®(#)= Cee eee smls ty 


(2—a)?*1) 2a a eee 


Since the series (26) is uniformly convergent on I’, the same thing 
is true of the series obtained by dividing each of its terms by z — a, 


and we can write 
S, (&) dz | 
Co a he eae 


or again, since f,(%) is an analytic function in the interior of TI, 
we have, by formula (12), 


FO=fA@+R@ ++ +h @) +o 
Similarly, the expression (28) can be written in the form 
FPG) =fP@)+ + + AP@) Foo 


Hence, if the series (26) is uniformly convergent in a region A ot 
the plane, « being any point of that region, it suffices to apply the 


- 
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preceding theorem to a closed curve I lying in A and surrounding 
the point «. This leads to the following proposition : 


Every series uniformly convergent in a region A of the plane, whose 
terms are all analytic functions in A, represents an analytic function 
F(z) in the same region. The pth derivative of F(z) ts equal to the 
series obtained by differentiating p times each term of the series 
which represents F(z).* 


40. Poles. Every function analytic in a circle with the center a is 
equal, in the interior of that circle, to the sum of a power series 


(29) S(@)=A, +4, 2 —a)+--- + An@—a)™+-->. 
We shall say, for brevity, that the function is regular at the point a, 
or that a is an ordinary point for the given function. We shall call the 
interior of a circle C, described about a as a center with the radius p, 
the neighborhood of the point a, when the formula (29) is applicable. 
It is, moreover, not necessary that this shall be the largest circle in the 
interior of which the formula (29) is true; the radius p of the neigh- 
borhood will often be defined by some other particular property. 

If the first coefficient A, is zero, we have f(a) = 0, and the point 
a is a zero of the function f(z). The order of a zero is defined in the 
same way as for polynomials; if the development of f(z) commences 
with a term of degree m in z — a, 


S(@) = AS, (z Ft a)” oF A, 41 (% a Gert rast (m = 0), 


where A,, is not zero, we have 


F@=0, f(@=0, +++, FO-P(a)=0, F(a) #0, 
and the point @ is said to be a zero of order m. We ean also write 
the preceding formula in the form 


SG) = (@ — a)" $(@), 

(2) being a power series which does not vanish when z = a. Since 
this series is a continuous function of z, we can choose the radius p 
of the neighborhood so small that ¢(z) does not vanish in that 
neighborhood, and we see that the function f(z) will not have any 
other zero than the point @ in the interior of that neighborhood. 
The zeros of an analytic function are therefore isolated points. 

Every point which is not an ordinary point for a single-valued 
function f(z) is said to be a singular point. A singular point a of the 








* This proposition is usually attributed to Weierstrass. 
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function f(z) is a pole if that point is an ordinary point for the re- 
ciprocal function 1/f(z). The development of 1//(z) in powers of 
2 — @ cannot contain a constant term, for the point @ would then be 
an ordinary point for the function f(z). Let us suppose that the 
development commences with a term of degree m in 2 — a, 
(30) a =( af a)” $ (2), 
where $(z) denotes a regular function in the neighborhood of the 
point a which is not zero when z = a. From this we derive 


31 RY ee ee ee, 
(31) i Okan ce ier 
where y(z) denotes a regular function in the neighborhood of the 


point @ which is not zero when z =a. This formula can be written 
in the equivalent form 


31) f#@)= (aE pay ee 


—a)y" (2—a)™-? z 





By 
P(@— 
eet ( a), 


where we denote by P(z —a), as we shall often do hereafter, a 
regular function for z= a, and by B,, Bn—1,+++, B, certain con- 
stants. Some of the coefficients B,, B,,---, B,—, may be zero, but 
the coefficient B,, 1s surely different from zero. The integer m is 
called the order of the pole. It is seen that a pole of order m of f(z) 
is a zero of order m of 1/f(z), and conversely. 

In the neighborhood of a pole a the development of f(z) is com- 
posed of a regular part P(z — a) and of a polynomial in 1/(z — a); 
this polynomial is called the principal part of f(z) in the neighbor- 
hood of the pole. When the absolute value of z — a approaches zero, 
the absolute value of f(z) becomes infinite in whatever way the point 
z approaches the pole. In fact, since the function y(z) is not zero for 
2 =a, suppose the radius of the neighborhood so small that the 
absolute value of y(z) remains greater than a positive number M in 
this neighborhood. Denoting by r the absolute value of 2 — a, we 
have | f(z)| > M/r", and therefore | f(z)| becomes infinite when + 
approaches zero. Since the function y(z) is regular for z = a, there 
exists a circle C with the center a in the interior of which y(z) is 
analytic. The quotient y(z)/(z— a)” is an analytic function for all 
the points of this circle except for the point @ itself. In the neigh- 
borhood of a pole a, the function f(z) has therefore no other singular 
point than the pole itself; in other words, poles are tsolated singular 


points, 
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41. Functions analytic except for poles. Every function which is 
analytic at all the points of a region A, except only for singular 
points that are poles, is said to be analytic except for poles in that 
region.* A function analytic in the whole plane except for poles 
may have an infinite number of poles, but it can have only a finite 
number in any finite region of the plane. The proof depends on a 
general theorem, which we must now recall: If in @ finite region A 
of the plane there exist an infinite number of points possessing 
particular property, there exists at least one limit point in the region 
A or on its boundary. (We mean by limit point a point in every 
neighborhood of which there exist an infinite number of points 
possessing the given property.) This proposition is proved by the 
process of successive subdivisions that we have employed so often. 
For brevity, let us indicate by (£) the assemblage of points con- 
sidered, and let us suppose that the region 4 is divided into squares, 
or portions of squares, by parallels to the axes Ox, Oy. There will 
be at least one region A, containing an infinite number of points of 
the assemblage (Z). By subdividing the region A, in the same way, 
and by continuing this process indefinitely, we can form an infinite 
sequence of regions 4,, A,,---, A,, --- that become smaller and 
smaller, each of which is contained in the preceding and contains 
an infinite number of the points of the assemblage. All the points of 
A,, approach a limit point Z lying in the interior of or on the bound- 
ary of A. The point Z is necessarily a limit point of (2), since there 
are always an infinite number of points of (Z) in the interior of a 
circle having Z for center, however small the radius of that circle 
may be. 

Let us now suppose that the function f(z) is analytic except for 
poles in the interior of a finite region A and also on the boundary T 
of that region. If it has an infinite number of poles in the region, 
it will have, by the preceding theorem, at least one point Z situated 
in A or on IT, in every neighborhood of which it will have an infinite 
number of poles. Hence the point Z can be neither a pole nor an 
ordinary point. It is seen in the same way that the function F(2) 
can have only a finite number of zeros in the same region. It follows 
that we can state the following theorem : 


Every function analytic except for poles in a finite region A and on 


its boundary has in that region only a finite number of zeros and only 
a finite number of poles. 








* Such functions are said by some writers to be meromorphic. — TRANS. 
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In the neighborhood of any point a, a function f(z) analytic 
except for poles can be put in the form 


(32) SR)=@ — a)" 6); 
where $(@) is a regular function not zero for =a. The exponent 
# is called the order of f(z) at the point a. The order is zero if the 
point @ is neither a pole nor a zero for f(z); it is equal to m if 


the point @ is a zero of order m for f(z), and to — n if a is a pole 
of order n for f(z). 


42. Essentially singular points. Every singular point of a single- 
valued analytic function, which is not a pole, is called an essen- 
tially singular point. An essentially singular point a is isolated 
if it is possible to describe about a as a center a circle C in the 
interior of which the function f(z) has no other singular point 
than the point @ itself; we shall limit ourselves for the moment 
to such points. 

Laurent’s theorem furnishes at once a development of the func- 
tion f(z) that holds in the neighborhood of an essentially singular 
point. Let C be a circle, with the center a, in the interior of which 
the function f(z) has no other singular point than a; also let ¢ be a 
circle concentric with and interior to C. In the circular ring included 
between the two circles C and ¢ the function f(z) is analytic and 
is therefore equal to the sum of a series of positive and negative 
powers of z — a, 


+0 
(33) f@= > An -4)™ 

This development holds true for all the points interior to the circle 
C except the point a, for we can always take the radius of the circle 
c less than |z — a| for any point 2 whatever that is different from a 
and lies in C. Moreover, the coefficients A,, do not depend on this 
radius (§ 37). The development (33) contains first a part regular 
at the point a, say P(z— a), formed by the terms with positive 
exponents, and then a series of terms in powers of 1/(z — a), 


Aap doe | Ane 
a Betas Wats he Wh. Ganesan 


This is the principal part of f(z) in the neighborhood of the singular 
point. This principal part does .not. reduce to a polynomial in 
(z — a)~', for the point « = @ would then be a pole, contrary to the 
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hypothesis.* It is an integral transcendental function of 1 /(@ — @): 
In fact, let 7 be any positive number less than the radius of the 
circle C; the coefficient A_,, of the series (34) is given by the 
expression (§ 37) 
1 1 
= Zz— ie z)d 
n= qi J 6-4) Me 

the integral being taken along the circle C' with the center a and 
the radius rv. We have, then, 


(35) |A-n| < I(r), 
where AC(7) denotes the maximum of the absolute value of f(z) 
along the circle C’. The series is then convergent, provided that 
|z —a| is greater than r, and since r is a number which we may 
suppose as small as we wish, the series (34) is convergent for every 
value of z different from a, and we can write 


f= Pea) + G/ : ) 


2z—-a 





where P(z — a) is a regular function at the point a, and G[1/(z — a)] 
an integral transcendental functiont of 1/(z — a). 

When the absolute value of 2 — a approaches zero, the value of 
f(z) does not approach any definite limit. More precisely, if a circle 
C is described with the point a as a center and with an arbitrary 
radius p, there always exists in the interior of this circle points z for 
which f(z) differs as little as we please from any number given in 
advance (WEIERSTRASS). 

Let us first prove that, given any two positive numbers p and ™, 
there exist values of 2 for which both the inequalities, |z — a|< p, 
|f()| > M, hold. For, if the absolute value of f(z) were at most 
equal to M when we have |z — a| <p, AC(r) would be less than 
or equal to M for vr < p, and, from the inequality (35), all the coefti- 
cients A_,, would be zero, for the product AC(r)r™ = Mr” would 
approach zero with 7. 

Let us consider now any value A whatever. If the equation 
J(#)=A has roots within the circle C, however small the radius p 








* To avoid overlooking any hypothesis, it would be necessary to examine also the 
case in which the development of f(z) in the interior of ( contains only positive 
powers of z—a, the value f(a) of the function at the point a being different from the 
term independent of z—a in the series. The point z=a would bea point of discon- 
tinuity for f(z). We shall disregard this kind of singularity, which is of an entirely 
artificial character (see below, Chapter IV). 

t We shall frequently denote an integral function of x by G(x). 
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may be, the theorem is proved. If the equation f(z)= A does not 
have an infinite number of roots in the neighborhood of the point a, 
we can take the radius p so small that in the interior of the circle C 
with the radius p and the center a this equation does not have any 
roots. The function $(#)=1/[ f(¢)—A] is then analytic for every 
point « within C except for the point @; this point @ cannot be any- 
thing but an essentially singular point for ¢(z), for otherwise the 
point would be either a pole or an ordinary point for f(z). There- 
fore, from what we have just proved, there exist values of z in the 
interior of the circle C for which we have 


S@|>z or [f@)—Al<e 


however small the positive number e may be. 

This property sharply distinguishes poles from essentially singu- 
lar points. While the absolute value of the function f(z) becomes 
infinite in the neighborhood of a pole, the value of f(z) is completely 
indeterminate for an essentially singular point. 

Picard * has demonstrated a more precise proposition by showing 
that every equation f(z)=A has an infinite number of roots in the 
neighborhood of an essentially singular point, there being no excep- 
tion except for, at most, one particular value of 4. 


Example. The point z = 0 is an essentially singular point for the function 


It is easy to prove that the equation e!/# = A has an infinite number of roots 
with absolute values less than p, however small p may be, provided that A is 
not zero. Setting A =r(cos@ + isin 6), we derive from the preceding equation 


t= logr + i(0 + 2km). 


We shall have |z| < p, provided that 
; 1 
(log r)? + (6 + 2k)? = of 


There are evidently an infinite number of values of the integer k which satisfy 
this condition. In this example there is one exceptional value of A, that is, 
A =O. But it may also happen that there are no exceptional values; such is 
the case, for example, for the function sin (1/z), near z = 0. 





* Annales de VEcole Normale supérieure, 1880. 
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43. Residues. Let a be a pole or an isolated essentially singular 
point of a function f(z). Let us consider the question of evaluating 
the integral f f(z)dz along the circle C drawn in the neighborhood 
of the point a with the center a. The regular part P(z — a) gives 
zero in the integration. As for the principal part G[1/( — @)], we 
can integrate it term by term, for, even though the point @ is an 
essentially singular point, this series is uniformly convergent. The 
integral of the general term 


AL ae 
oe— oF 


is zero if the exponent m is greater than unity, for the primitive 
function —A_,,/[(m —1)(#—a)"~"] takes on again its original 
value after the variable has described a closed path. If, on the con- 
trary, m=1, the definite integral A_, fdz/(e —a) has the value 
2 miA_,,as was shown by the previous evaluation made in § 34. We 


have then the result 
27tA_, -[ S(@) dz, 
(C) 


which is essentially only a particular case of the formula (23) for 
the coefficients of the Laurent development. The coefficient 4_, is 
called the residue of the function f(z) with respect to the singular 
point a. 

Let us consider now a function f(z) continuous on a closed 
boundary curve T and having in the interior of that curve T only a 
finite number of singular points a, 6, ¢,---, 1. Let A, B, C,---, L be 
the corresponding residues; if we surround each of these singular 
points with a circle of very small radius, the integral f f(2)dz, taken 
along T in the positive sense, is equal to the sum of the integrals 
taken along the small curves in the same sense, and we have the 
very important formula 


(36) f s@)de=2mia + B+ C+-.--+1), 
@) 


which says that the integral { f(z)dz, taken along T in the positive 
sense, is equal to the product of 2 7i and the sum of the residues with 
respect to the singular points of f(z) within the curve TY. 

It is clear that the theorem is also applicable to boundaries I com- 
posed of several distinct closed curves. The importance of residues 
is now evident, and it is useful to know how to calculate them rapidly. 
If a point a is a pole of order m for f(z), the product (z — a)" f(z) 
is regular at the point a, and the residue of f(z) is evidently the 
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coefficient. of (2 — a)™~! in the development of that product. The 
rule becomes simple in the case of a simple pole; the residue is then 
equal to the limit of the product (2 — a) f(z) for z =a. Quite fre- 
quently the function f(z) appears under the form 


$= FO" 


where the functions P(z) and Q(z) are regular for z = a, and P(a) 
is different from zero, while a is a simple zero for Q(z). Let 
Q(z)=(—a)R(z); then the residue is equal to the quotient 
P(a)/R (a), or again, as it is easy to show, to P(a)/Q'(a). 


Ill. APPLICATIONS OF THE GENERAL THEOREMS 


The applications of the last theorem are innumerable. We shali 
now give some of them which are related particularly to the evalua- 
tion of definite integrals and to the theory of equations. 


44, Introductory remarks.. Let f(z) be a function such that the 
product (2 — a) f(z) approaches zero with |z —a|. The integral of 
this function along a circle y, with the center a and the radius p, 
approaches zero with the radius of that circle. Indeed, we can write 


i fade = i Gaia. 
oo) ” Sage 


If 7 is the maximum of the absolute value of (z — a) f(z) along the 
circle y, the absolute value of the integral is less than 2 ay, and con- 
sequently approaches zero, since y itself is infinitesimal with p. We 
could show in the same way that, when the product (z — a) f(z) 
approaches zero as the absolute value of 2 — a becomes infinite, the 
integral stay J (2)dz, taken along a circle C with the center a, ap- 
proaches zero as the radius of the circle becomes infinite. These 
statements are still true if, instead of integrating along the entire 
circumference, we integrate along only a part of it, provided that 
the product (z — a) f(2) approaches zero along that part. 

Frequently we have to find an upper bound for the absolute value 
of a definite integral of the form f, ’ f(a) da, taken along the axis of 
reals. Let us suppose for definiteness a <b. We have seen above 
(§ 25) that the absolute value of that integral is at most equal to the 
integral ibe J (x)|da, and, consequently, is less than (6 — a) if M 
is an upper bound of the absolute value of f(a). 





96 THE GENERAL CAUCHY THEORY [II, § 45 


45. Evaluation of elementary definite integrals. The definite inte- 
gral [** F(a) dx, taken along the real axis, where F(a) is a rational 
function, has a sense, provided that the denominator does not vanish 
for any real value of x and that the degree of the numerator is less 
than the degree of the denominator by at least two units. With the 
origin as center let us describe a circle C with a radius RF large 
enough to include all the roots of the denominator of F(z), and let 
us consider a path of integration formed by the diameter BA, traced 
along the real axis, and the semicircumference C’', lying above the 
real axis. The only singular points of F(z) lying in the interior of 
this path are poles, which come from the roots of the denominator 
of F(z) for which the coefficient of ¢ is positive. Indicating by 
=F, the sum of the residues relative to these poles, we can then write 


+R 

af F(2)dz+ F(z) dz = 2 wikR,. 
—R (C4) 

As the radius R becomes infinite the integral along C' approaches 

zero, since the product zF(z) is zero for z infinite; and, taking the 

limit, we obtain 


+a 
ilk F(a)dx = 2 7idR,. 


ie} 


We easily reduce to the preceding case the definite integrals 


2a 
i F(sin 2, cos x) da, 
0 


where F is a rational function of sina and cosa that does not 
become infinite for any real value of «, and where the integral is to 
be taken along the axis of reals. Let us first notice that we do not 
change the value of this integral by taking for the limits 2, and 
x, + 27, where «, is any real number whatever. It follows that we 
can take for the limits — 7 and + 7, for example. Now the classic 
change of variable tan (a/2)= ¢ reduces the given integral to the 
integral of a rational function of ¢ taken between the limits — o 
and + 0, for tan (a#/2) increases from — « to + «© when 2 increases 
from — 7 to + 7. 

We can also proceed in another way. By putting e = 2 we have 
dx = dz/iz, and Euler’s formule give 

e241 Pe comes 


’ sine = ; 
22 2 iz 





COS & = 





’ 
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so that the given integral takes the form 


2—1 2+ 1\dz 
We 22 Es 


As for the new path of integration, when x increases from 0 to 27 
the variable z describes in the positive sense the circle of unit radius 
about the origin as center. It will suffice, then, to calculate the resi- 
dues of the new rational function of z with respect to the poles 
whose absolute values are less than unity. 

Let us take for example the integral f*"ctn [(a — a — bi)/2]dz, 
which has a finite value if b is not zero. We have 


(z—a—bi (c—a—dbi 
etn (4 irs “) = (eT po ay) ott! 


2 











or 


Ue a 
y e® Nee eT et at 


e—a— bi Regn! tot 
wn(@=e =H). 2 


Hence the change of variable e” = x leads to the integral 


i Py Da arce Gifs 
a pena ae 
(CQ) * é @ 


The function to be integrated has two simple poles 
z= 0, Biactenehe. 


and the corresponding residues are —1 and + 2. If 6 is positive, 
the two poles are in the interior of the path of integration, and the 
integral is equal to 277; if b is negative, the pole z = 0 is the only 
one within the path, and the integral is equal to — 27i. The pro- 
posed integral is therefore equal to + 2 i, according as 6 is posi- 
tive or negative. We shall now give some examples which are 
less elementary. 


46. Various definite integrals. Hxample 1. The function e’™2/(1 + z*) has the 
two poles +7 and —i, with the residues e~”/27 and — e”/2%. Let us suppose 
for definiteness that m is positive, and let us consider the boundary formed by 
a large semicircle of radius R about the origin as center and above the real 
axis, and by the diameter which falls along the axis of reals. In the interior of 
this boundary the function e”z/(1 + z?) has the single pole z = 7, and the integral 
taken along the total boundary is equal to we-™. Now the integral along the 
semicircle approaches zero as the radius R becomes infinite, for the absolute 
value of the product ze'm*/(1 + z%) along that curve approaches zero, Indeed, 
if we replace z by R(cos # + 7sin@), we have 

emiz — e—mRein d+ imR cos a, 
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and the absolute value e-”#sin@ remains less than unity when 6 varies from 0 
to 7. As for the absolute value of the factor z/(1+ z?), it approaches zero as 
z becomes infinite. We have, then, in the limit 


+0 emix a 
i —de = me-™. 
—-2 1+ 2? 





If we replace e™= by cos mx + isin ma, the coefticient of 7 on the left-hand side 
is evidently zero, for the elements of the integral cancel out in pairs. Since we 
have also cos(— mx) = cosmz, we 
can write the preceding formula in 
the form 


(37) We agen SAE 8 
0 1+ 2? 2 

Example 2. The function e#/z is 
analytic in the interior of the bound- 
ary ABMB’A’NA (Fig.17) formed 
by the two semicircles BM B’, A’N A, 
described about the origin as center 
with the radii R and'r, and the straight lines AB, B’A’. 

We have, then, the relation 


R ele et cava ete fa 
— dx + —dz+ —dz + —dz=0, 

4 A 

pe RE (BMB’) © are (ANA) © 


which we can write also in the form 


es : < 
ex — e-tx ev et 
Ir ———— daz as — dz sit —dz=0. 
& z z 
r (BM B’) (At NA) 


When r approaches zero, the last integral approaches — zi’; we have, in fact, 





Fie. 17 


el 





1 
=-+ P(z), 
aia + P() 


where P (2) is a regular function at the origin, so that 


ele 
3 —de = f | (a) dz +f Le 
(ANA) * ae) (aN ay * 


The integral of the regular part P(z) becomes infinitesimal with the length of 
the path of integration ; as for the last integral, it is equal to the variation of 
Log (z) along A’NA, that is, to — zi. 

The integral along BMB’ approaches zero as R becomes infinite. For if we 
put z = R(cos @ + ising), we find 


el ce 
—dz= if e— Ksin e+ if cos 6 dg, 
(B ; 


mB) * 
and the absolute value of this integral is less than 


wT 
us — 
ue e-Ksinadg = 2 f Fe-Reinoag, 
0 J0 
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When 6 increases from 0 to 7/2, the quotient sin 0/8 decreases from 1 to 
2/7, and we have 


Rsind>~ R6; 
T 


hence 
_2R6 
e-Rsind<e 7 " 


= = 20 pa ee 
fte-Banedg f 26 7a =- le bi | =—(l-e 4); 
0 0 0 


which establishes the proposition stated above. 
Passing to the limit, we have, then (see I, § 100, 2d ed.), 


+a . 4 
ex — e- 1x F 
ca ey = ari, 
0 x 


or 


Example 3. The integral of the integral transcendental function e~#* along 
the boundary OA BO formed by the two radii OA and OB, making an angle of 
45°, and by the arc of a circle AB (Fig. 18), is 
equal to zero, and this fact can be expressed 
as follows: 


R 
if eda + f enfde=f e-* dz. 
0 (AB) (OB) 


When the radius # of the circle to which 
the arc AB belongs becomes infinite, the in- 
tegral along the arc AB approaches zero. In 
fact, if we put z= R[cos(¢/2) + isin (¢/2)], Fig. 18 
that integral becomes 





wT ° 


. 7 ip 
ik 2e- R(cosh + isind) 2 dy, 


2/0 


and its absolute value is less than the integral 


us 
mf 2e~ Reon ag, 
2Jo0 


As in the previous example, we have 


sh Reeth nt _2 Rb 
E [Fe wemedg => f Fe Mainodg <= f%e ™ dg. 





The last integral has the value 


and approaches zero when R becomes infinite. 
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Along the radius OB we can put z = p[cos(m/4) + isin(#/4)], which gives 
e-** = e-‘e* and as R becomes infinite we have at the limit (see I, § 135, 2d ed.; 
§ 184, Ist ed.) 


nS — ip? md saa 
if e€ H* (cost + isin 7) dp = dp e€ 5 


oes, = ME (cos — isin *) 
) aoa eh | 4 


Equating the real parts and the coefficients of i, we obtain the values of 
Fresnel’s integrals, 


sto? 1 
(38) i cos p?dp = nae ia sin p?dp = 3 Nes 


47, Evaluation of "(p)T'(1— p). The definite integral 


© yp-lda 
ile 142% é 

where the variable z and the exponent p are real, has a finite value, provided 
that p is positive and less than one; it is equal to the product I (p)T (1— p).* 
In order to evaluate this integral, let 
us consider the function z? —1/(1 + 2), 
which has a pole at the point z =— 1] 
and a branch point at the point 
z=0. Let us consider the boundary 
abmb’a‘na (Fig. 19) formed by the 
two circles C and C’, described about 
the origin with the radii r and p re. 
spectively, and the two straight lines 
ab and a’b’, lying as near each other 
as we please above and below a cut 
along the axis Ox. The function 
zp-1/(1+ 2) is single-valued within 
this boundary, which contains only 
Fic. 19 one singular point, the pole z=—1. 
In order to calculate the value of the 
integral along this path, we shall agree to take for the angle of z that one 
which lies between 0 and 27. If R denotes the residue with respect to the 

pole z=—1, we have then 


Died p-lqd p-l —1 
is ae f = oe : a f Sa NS 
re a 2 (0) +z aay tre coy i +2 


The integrals along the circles C and ©’ approach zero as r becomes infinite 
and as p approaches zero respectively, for the product z?/(1+ z) approaches 
zero in either case, since 0 <p <1. 


or, again, 


























* Replace ¢ by 1/(1+ 2) in the last formula of § 135, Vol. I, 2d ed.; ; § 184, Ist ed. 
The formula (39), derived by supposing p to be real, is correct, provided the real part 
of p lies between 0 and 1, 
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Along a), z is real. For simplicity let us replace z by z. Since the angle of 
z is zero along ab, z?-1 is equal to the numerical value of z?-!. Along a’b’ 
also z is real, but since its angle is 27, we have 


ZP—-1 = ep—)l)doga+ 2m) — g2ti(p—-l)gp-1, 


The sum of the two integrals along ab and along ba’ therefore has for its limit 


F Galore 
(1 — e7(p-1)] dz. 
f) 1+2 


The residue FR is equal to (— 1)?—}, that is, to ee—-D, if m is taken as the 
angle of —1. We have, then, 





l+a 1—e@™(@-) e-@-)m — ee-Dt sin(p—1)7 








te gp~1 2 wie —D rt 2 mi —T 
ji de = = 
0 


or, finally, 
+ co gpl a 
(89) dz = — ; 
F 142 sin pr 


48. Application to functions analytic except for poles. Given two 
functions, f(z) and (2), let us suppose that one of them, f(z), is 
analytic except for poles in the interior of a closed curve C, that the 
other, ¢ (z), is every where analytic within the same curve, and that the 
three functions f(z), f'(z), @(z) are continuous on the curve C; and 
let us try to find the singular points of the function ¢ (2) f'(z)/f() 
within C. A point a which is neither a pole nor a zero for f(z) is 
evidently an ordinary point for the function f'(z)/f(z) and conse- 
quently for the function ¢$(z)/"(z)/f(z). If a point a is a pole or a 
zero of f(z), we shall have, in the neighborhood of that point, 


SR)=% — OP); 
where p» denotes a positive or negative integer equal to the order of 
the function at that point (§ 41), and where y(z) is a regular func- 
tion which is not zero for z =a. Taking the logarithmic derivatives 
on both sides, we find 

fe) _ wv), 

Le) 2a ew) 


Since, on the other hand, we have, in the neighborhood of the point a, 
@)=b(Q+E— b+ -- 

it follows that the point a is a pole of the first order for the product 

$(2z)f'(2)/f(2), and its residue is equal to wp (a), that is, to mg (a), 


if the point @ is a zero of order m for f(z), and to — n@(qa) if the 
point @ is a pole of order n for f(z). Hence, by the general theorem 











19310 
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of residues, provided there are no roots of f(z) on the curve C, we 
have 

(40) Iai] 20 Fe B= OO, 
where a is any one of the zeros of f(z) inside the boundary C, b any 
one of the poles of f(z) within C, and where each of the poles and 
zeros are counted a number of times equal to its degree of multi- 
plicity. The formula (40) furnishes an infinite number of relations, 
since we may take for #(z) any analytic function. 

Let us take in particular ¢(z)=1; then the preceding formula 
becomes 


(41) N—-P= ee Fe) dz, 


where N and P denote respectively the number of zeros and the 
number of poles of f(z) within the boundary C. This formula leads 
to an important theorem. In fact, f’(z)/f(z) is the derivative of 
Log [f(z)]; to calculate the definite integral on the right-hand side 
of the formula (41) it is therefore sufficient to know the variation of 


log | f(#)|+ ¢ angle [f(@)] 
when the variable z describes the boundary C in the positive sense. 
But | f()| returns to its initial value, while the angle of f(z) increases 
by 2 Kz, K being a positive or negative integer. We have, therefore, 
2 Kirt 


(42) NB ei 





that is, the difference N — P is equal to the quotient obtained by the 
division of the variation of the angle of f(z) by 27 when the variable 
z describes the boundary C in the positive sense. 

Let us separate the real part and the coefficient of ¢ in f(z): 


When the point =a + yi describes the curve C in the positive 
sense, the point whose codrdinates are X, Y, with respect to a system 
of rectangular axes with the same orientation as the first system, 
describes also a closed curve C,, and we need only draw the curve 
C, approximately in order to deduce from it by simple inspection 
the integer K. In fact, it is only necessary to count the number of 
revolutions which the radius vector joining the origin of codrdinates 
to the point (X, Y) has turned through in one sense or the other 
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We can also write the formula (42) in the form 


1 ¥ tl AXdY — YdX 
N — =— —_—_)j= -—- —— 
(435)9 oN SP sede! arctan (=) ripe Vy y 


Since the function Y/X takes on the same value after z has described 
the closed curve C, the definite integral 


if XdY — VAX 
(C) 2 ae 


is equal to 7I(Y/X), where the symbol /(Y/X) means the index of 
the quotient Y/X along the boundary C, that is, the excess of the 
number of times that that quotient becomes infinite by passing from 
+ x« to —o over the number of times that it becomes infinite by 
passing from — « to +o (I, §§ 79, 154, 2d ed.; §§ 77, 154, 1st ed.). 
We can write the formula (43), then, in the equivalent form 

Peay 

(44) v-p=51(-); 

49. Application to the theory of equations. When the function f(z) 
is itself analytic within the curve C, and has neither poles nor zeros 
on the curve, the preceding formule contain only the roots of the 
equation f(z) = 0 which lie within the region bounded by C. The 
formule (42), (43), and (44) show the number N of these roots by 
means of the variation of the angle of f(z) along the curve or by 
means of the index of Y/X. 

If the function f(z) is a polynomial in z, with any coefficients 
whatever, and when the boundary C is composed of a finite number 
of segments of unicursal curves, this index can be calculated by ele- 
mentary operations, that is, by multiplications and divisions of 
polynomials. In fact, let AB be an arc of the boundary which can be 
represented by the expressions 


r=¢$(), y=¥(t) 
where (¢) and y(¢) are rational functions of a parameter ¢ which 
varies from @ to B as the point (a, y) describes the arc AB in the 
positive sense. Replacing z by ¢(¢)+ a() in the polynomial f(z), 
a ate SG) = RW) + IR, 


where R(¢) and R, (¢) are rational functions of ¢ with real coefficients. 
Hence the index of Y/X along the arc AB is equal to the index of 
the rational function R,/R as ¢ varies from @ to B, which we already 
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know how to calculate (I, § 79, 2d ed.; §77, 1st ed.). If the bound- 
ary C is composed of segments of unicursal curves, we need only 
calculate the index for each of these segments and take half of their 
sum, in order to have the number of roots of the equation f(z) = 0 
within the boundary C. 


Note. D’Alembert’s theorem is easily deduced from the preceding 
results. Let us prove first a lemma which we shall have occasion to 
use several times. Let F(z), ®(z) be two functions analytic in the 
interior of the closed curve C, continuous on the curve itself, and 
such that along the entire curve C we have |®(z)|<|F(z)|; under 
these conditions the two equations 

F(@) = 0, F(z)+ ®(z)=0 
have the same number of roots in the interior of C. For we have 

® () 

F(z) + ®(z) = F(z) E + alk 
As the point z describes the boundary C, the point Z = 1 + @(z)/F (2) 
describes a closed curve lying entirely within the circle of unit radius 
about the point Z =1 as center, since |Z — 1|<1 along the entire 
curve C. Hence the angle of that factor returns to its initial value 
after the variable z has described the boundary C, and the variation 
of the angle of F(z) + (2) is equal to the variation of the angle of 
F(z). Consequently the two equations have the same number of 
roots 1n the interior of C. 

Now let f(z) be a polynomial of degree m with any coefficients 
whatever, and let us set 


FQ)=Ag"  OR)=AMI +6 +4y  fOQ)=FO+ ©). 
Let us choose a positive number R so large that we have 


Thee LU a) real 
Rt la |e 4, |B < 


0 


A, 


A 


0 
Then along the entire circle C, described about the origin as center 
with a radius greater than R, it is clear that |®@/F|<1. Hence the 
equation f(z)=0 has the same number of roots in the interior of 
the circle C as the equation F(z) = 0, that is, m. 


pete 




















50, Jensen’s formula. Let f(z) be an analytic function except for poles in the 
interior of the circle C with the radius r about the origin as center, and ana- 
lytic and without zeros on C. Let a,, a,,+-+, a, be the zeros, and 65, 05,72 "5 Om 
the poles, of f(z) in the interior of this circle, each being counted according to 
its degree of multiplicity. We shall suppose, moreover, that the origin is neither 
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a pole nor a zero for f(z). Let us evaluate the definite integral 


(45) te i else = 


taken along C in the positive sense, supposing that the variable z starts, for 
example, from the point z = on the real axis, and that a definite determina- 
tion of the angle of f(z) has been selected in advance. Integrating by parts, 
we have 

(46) = {Log (z) Lo gL 

| = BLP koy— J Los @) eae, 


where the first part of the right-hand side denotes the increment of the product 
Log (z) Log [f(z)] when the variable z describes the circle C. If we take zero 
for the initial value of the angle of z, that increment is equal to 


(log r + 2 t) {Log [f(r)] + 2 wi (n — m)} — logr Log [f(r)] 
= 2mi Log [f(r)] + 272i (n — m) logr — 4(n — m) r?. 


In order to evaluate the new definite integral, let us consider the closed 
curve I, formed by the circumference C, by the circumference c described 
about the origin with the infinitesimal radius p, and by the two borders ab, 
ab’ of a cut made along the real axis from the point z = p to the point z =r 
(Fig. 19). We shall suppose for definiteness that f(z) has neither poles nor 
zeros on that portion of the axis of reals. If it has, we need only make a cut 
making an infinitesimal angle with the axis of reals. The function Logz is 
analytic in the interior of I, and according to the general formula (40) we 
have the relation 


wat lh (8) ec re, 
S2 BOG ut I. Log god + i Log (2) 5 de 
(2) -, (%1Mlg + * On 
+ J boe @) Loman cee) 


The integral along the circle ¢ approaches zero with p, for the product 
zLogz is infinitesimal with p. On the other hand, if the angle of z is zero 
along ab, it is equal to 27 along a’b’, and the sum of the two corresponding 
integrals has for limit 


-f'2 ani dz =— 2 mi Log [f(r)] + 2 wi Log [7(0)]. 


The remaining portion is 


JG) 3, 4 toes & My * si f(r) 
Shes (z) 7 dz = 2 mi Log Ge oe it) 2 wi Log al 
and the formula (46) becomes 


G, Ay 


IT =27i(n— m) logr + 2-mi Log [/(0)] — 2 wi Log (ste) — 4(n— m) 7. 


In order to integrate along the circle C, we can put z= re’ and let @ vary 
from 0 to 27. It follows that dz/z = id@. Let f(z) = Re'®, where R and @ are 
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continuous functions of ¢ along C. Equating the coefficients of i in the preced. 
ing relation, we obtain Jensen’s formula * 

by bg +++ Om 
Ay Ag +++ Oy ; 


” —m™m 





1 Qa 
(47) ip log Rdg = log|f(0) | + log 


2% 








in which there appear only ordinary Napierian logarithms. 
When the function f(z) is analytic in the interior of C, it is clear that the 
product b,b, +++, should be replaced by unity, and the formula becomes 


1 QT 
(48) = le log Rdg = log |(0)| + log |— 








Ag +++ On 


This relation is interesting in that it contains only the absolute values of the 
roots of f(z) within the circle C, and the absolute value of f(z) along that circle 
and for the center of the same circle. 


51. Lagrange’s formula. Lagrange’s formula, which we have already 
established by Laplace’s method (I, § 195, 2d ed.; § 189, 1st ed.), 
can be demonstrated also very easily by means of the general 
theorems of Cauchy. The process which we shall use is due to 
Hermite. 

Let f(z) be an analytic function in a certain region D containing 
the point a. The equation 


(49) F(z2)=2z—a—af(z)=9, 


where a is a variable parameter, has the root z = a, fora =0.t Let 
us suppose that a # 0, and let C be a circle with the center a and 
the radius 7 lying entirely in the region D and such that we have 
along the entire circumference |af(z)|<|z—a|. By the lemma 
proved in § 49 the equation F(z) = 0 has the same number of roots 
within the curve C as the equation z — a = 0, that is, a single root. 
Let ¢ denote that root, and let If(z) be an analytic function in the 
circle C, 

The function II (z)/F(z) has a single pole in the interior of C, at 
the point « = Z, and the corresponding residue is 1 (£)/F'(g). From 
the general theorem we have, then, 


HO ate amore ale Il (z) dz 
F'(©) Qari «C) 2 ti z—-a— af (2) 


In order to develop the integral on the right in powers of a, we 
shall proceed exactly as we did to derive the Taylor development, 


(2) 








* Acta mathematica, Vol. XXII. 


t It is assumed that f(a) is not zero, for otherwise F(z) would vanish when z= a for 


any value of @ and the following developments would not yield any results of 
interest. —TRANs. 
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and we shall write 
pees eae af (#) 
2—a— af(2) = asad ose 
,v@r , peer 
(e—a)"t*' z—a—af(z)le—a 


Substituting this value in the integral, we find 














II (¢) an 
© eT oi aaa cela 
where 
aes II (2) dz 1 Lf (z)] mI (2) de | 
oy Ayre er eu ae Joi (2 —a)"*} 

(C) (C) 

e Sel y II (2) a: fa 95 

nt) 2a Joye — a — af(z) le —a #4 


Let m be the maximum value of the absolute value of af(z) along 
the circumference of the circle C; then, by hypothesis, m is less 
than 7, If Mis the maximum value of the absolute value of II (z) 
along C, we have pape ar. M 


1 
|, 41| Se Fi 


29 ie —m’ 


which shows that 2, ,, approaches zero when n increases indefinitely. 
Moreover, we have, by the definition of the coefficients J,, J, +--+, J 
- and the formula (14), 


J, = (@), aus J, = 


n> 


1 


n! - 


= LAOH (}s 
whence we obtain the following linet in series : 


60) p= UM as “Moray. 


We can write this expression in a somewhat different form. If we 
take II (z) = ®(2)[1 — af"(z)], where ®(z) is an analytic function in 
the same region, the left-hand side of the equation (50) will no longer 
contain @ and will reduce to @(¢). As for the right-hand side, we 
observe that it contains two terms of degree m in a, whose sum is 


ae Coen Go pias @OVOM LO} 


{OLS (@)] + n®@MPaO(s@]T 
— nb (a) fafa) TF 





=5 = a 


a. 


e iS ONL. (ayy, 
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and we find again Lagrange’s formula in its usual form (see I, 
formula (52), § 195, 2d ed.; § 189, 1st one 


fA {@'(OL FO] hae 


We have supposed that we have |af(z)|<v7r along the circle C, 
which is true if |a| is small enough. In order to find the maximum 
value of |a|, let us limit ourselves to the case where f(z) is a poly- 
nomial or an integral function. Let %¢(r) be the maximum value of 
| f(z)| along the circle C described about the point @ as center with the 
radius 7. The proof will apply to this circle, provided |a|ATC(7) <7. 
We are thus led to seek the maximum value of the quotient 7/AT(r), 
as 7 varies from 0 to +0. This quotient is zero for 7 = 0, for if 
MA (r) were to approach zero with 7, the point z = @ would be a zero 
for f(z), and F(z) would vanish for =a. The same quotient is 
also zero for 7 = 0, for otherwise f(z) would be a polynomial of the 
first degree (§ 36). Aside from these trivial cases, it follows that 
r/&C(r) passes through a maximum value p for a value 7, of , The 
reasoning shows that the equation (49) has one and only one root ¢ 
such that |—a|<~7,, provided |a|<m. Hence the developments 
(50) and (51) are applicable so long as |@] does not exceed mw, pro- 
vided the functions II(z) and ®(z) are themselves analytic in the 
circle C, of radius 7 


(51) OQ)=O(@) +5 F(a) f(a)te+ += 


n! a 


a: 
Example. Let f(z) = (2 — 1)/2; the equation (49) has the root 


1—V1—2aa4+ a? 


Qa 


Cc 





which approaches @ when @ approaches zero. Let us put II(z)=1. Then the 
formula (50) takes the form 


+o ihe 
1 an d» [ (a? —1)" 
52 ——____——— = ] —_— — = nX,, 
@) Saal Sal | a X,, (a), 


where X, is the nth Legendre’s polynomial (see I, $§ 90, 189, 2d ed.; §§ 88, 
184, 1st ed.). In order to find out between what limits the formula is valid, let 
us suppose that a is real and greater than unity. On the circle of radius r we 
have evidently AC (r) = [(a + r)? — 1]/2, and we are led to seek the maximum 
value of 2r/[(a + r)?—1] as r increases from 0 to +0. This maximum is 
found for r= Va? —1 1, and it is equal to a — Va?—1. If, however, a lies 
between —1 and +1, we find by a quite elementary calculation hat 








2 ey) 
Ny ee 
2V1—a 


The maximum of 27-V1— a2/(r? +. 1 — 2) oceurs when 7 = = WI ce, and it is 
equal to unity. 
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It is easy to verify these results. In fact, the radical V1—2aa + a2, con- 
sidered as a function of a, has the two critical points a+ Va?—1. If a>1, 
the critical point nearest the origin isa — Va? —1. When a lies between — 1 
and + 1, the absolute value of each of the two critical points a + iV1— a? is 
unity. 

In the fourth lithographed edition of Hermite’s lectures will be found (p. 185) 
a very complete discussion of Kepler’s equation z — a= sing by this method. 
His process leads to the calculation of the root of the transcendental equation 
e”(r — 1) = e-"(r +1) which lies between 1 and 2. Stieltjes has obtained the 
values 





7, = 1.199678640257734, = 0.6627434193492. 


52. Study of functions for infinite values of the variable. In order 
to study a function f(z) for values of the variable for which the 
absolute value becomes infinite, we can put z =1/z' and study the 
function f(1/z') in the neighborhood of the origin. But it is easy to 
avoid this auxiliary transformation. We shall suppose first that we 
can find a positive number FR such that every finite value of z whose 
absolute value is greater than # is an ordinary point for f(z). If we 
describe a circle C about the origin as center with a radius R, the 
function f(z) will be regular at every point z at a finite distance 
lying outside of C. We shall call the region of the plane exterior 
to C a neighborhood of the point at infinity. 

Let us consider, together with the circle C, a concentric circle C' 
with a radius R'> R. The function f(z), being analytic in the 
circular ring bounded by C and C’, is equal, by Laurent’s theorem, 
to the sum of a series arranged according to integral positive and 
negative powers of z, 


(53) fe = dX Ans 


the coefficients A_,, of this series are independent of the radius R’, 
and, since this radius can be taken as large as we wish, it follows 
that the formula (53) is valid for the entire neighborhood of the point 
at infinity, that is, for the whole region exterior to C. We shall now 
distinguish several cases : 

1) When the development of f(z) contains only negative powers 
of z, 


(4) f@=4, +4244, 


| 


1 
Steet bAnmtees, 
& 


R 


the function f(z) approaches A, when |z| becomes infinite, and we 
say that the function f(z) is regular at the point at infinity, or, 
again, that the point at infinity is an ordinary point for f(z). If the 
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coefficients A,, 4,,°++, 4m—1 are zero, but. 4,, is not zero, the point 
at infinity is a zero of the mth order for f(z). 

2) When the development of f(z) contains a finite number of 
positive powers of 2, 


(55) Nf @) = Bae Bae yee 
if 1 
SB eat oAs oye at esis eae ye ite ty 


where the first coefficient B,, is not zero, we shall say that the point 
at infinity is a pole of the mth order for f(z), and the polynomial 
By +++++ Bz is the principal part relative to that pole. When 
becomes infinite, the same thing is true of | f(z)|, whatever may 
be the manner in which z moves. 

3) Finally, when the development of f(#) contains an infinite 
number of positive powers of z, the point at infinity is an essentially 
singular point for f(z). The series formed by the positive powers of 
z represents an integral function G(z), which is the principal part 
in the neighborhood of the point at infinity. We see in particular 
that an integral transcendental function has the point at infinity as 
an essentially singular point. 

The preceding definitions were in a way necessitated by those 
which have already been adopted for a point at a finite distance. 
Indeed, if we put 2 = 1/z', the function f(z) changes toa function of 
z', b(2')=f(1/z'), and it is seen at once that we have only carried 
over to the point at infinity the terms adopted for the point z'= 0 
with respect to the function $(2'). Reasoning by analogy, we might 
be tempted to call the coefficient A_, of z, in the development (53), 
the residue, but this would be unfortunate. In order to preserve the 
characteristic property, we shall say that the residue with respect to 
the point at infinity is the coefficient of 1/z with its sign changed, 
that is, — A,. This number is equal to 


rai | Pee 


where the integral is taken in the positive sense along the boundary 
of the neighborhood of the point at infinity. But here, the neighbor- 
hood of the point at infinity being the part of the plane exterior to 
C, the corresponding positive sense is that opposite to the usual 
sense. Indeed, this integral reduces to 


1 ff Adz _ A 
2 Ti Ken at ~~ Qari 


ie 
lz 





(Log z),¢; 
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and, when z describes the circle C in the desired sense, the angle of 
z diminishes by 27, which gives — A, as the value of the integral. 
It is essential to observe that it is entirely possible for a function 
to be regular at the point at infinity without its residue being ay 
for example, the function 1+ 1/z has this property. 
If the point at infinity is a pole or a zero for f(z), we can write, 
in the neighborhood of that point, 


S@)= #$@); 
where yp is a positive or negative integer equal to the order of the 
function with its sign changed, and where ¢(z) is a function which 
is regular at the point at infinity and which is not zero for z = 0. 
From the preceding equation we deduce 


OS MO 

Ome Lon 
where the function ¢'(z)/#(z) is regular at the point at infinity but 
has a development commencing with a term of the second or a higher 
degree in 1/z. The residue of f"(z)/f(z) is then equal to — p, that 
is, to the order of the function f(z) at the point at infinity. The state- 
ment is the same as for a pole or a zero at a finite distance. 

Let f(z) be a single-valued analytic function having only a finite 
number of singular points. The convention which has just been 
made for the point at infinity enables us to state in a very simple 
form the following general theorem : 


The sum of the residues of the function f(z) in the entire plane, 
the point at infinity included, is zero. 


The demonstration is immediate. Describe with the origin as 
center a circle C containing all the singular points of f(z) (except 
the point at infinity). The integral f{f(z)dz, taken along this circle 
in the ordinary sense, is equal to the product of 27ri and the sum 
of the residues with respect to all the singular points of f(z) at a 
finite distance. On the other hand, the same integral, taken along 
the same circle in the opposite sense, is equal to the product of 2 7 
and the residue relative to the point at infinity. The sum of the two 
integrals being zero, the same is true of the sum of the residues. 

Cauchy applied the term total residue (résidu intégral) of a func- 
tion f(z) to the sum of the residues of that function for all the 
singular points at a finite distance. When there are only a finite 
number of singular points, we see that the total residue is equal to 
the residue relative to the point at infinity with its sign changed. 
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Example. Let _ Pe 
a= Vale). 


where P(z) and Q(z) are two polynomials, the first of degree p, the 
second of even degree 2g. If R is a real number greater than the 
absolute value of any root of Q(z), the function is single-valued out- 
side of a circle C of radius R, and we can write 


S@)= #~"6); 
where ¢(z) is a function which is regular at infinity, and which is 
not zero for z = «. The point at infinity is a pole for f(z) if p > qg, 
and an ordinary point if p = gq. The residue will certainly be zero 
if p is less than g —1. 


IV. PERIODS OF DEFINITE INTEGRALS 


53. Polar periods. The study of line integrals revealed to us that 
such integrals possess periods under certain circumstances. Since 
every integral of a function f(z) of a complex variable z is a sum of 
line integrals, it is clear that these integrals also may have certain 
periods. Let us consider first an analytic function f(z) that has only 
a finite number of isolated singular points, poles, or essentially 
singular points, within a closed curve C. This case is absolutely 
analogous to the one which we studied for line integrals (I, § 153), 
and the reasoning applies here without modification. Any path that 
can be drawn within the boundary C between the two points z,, Z 
of that region, and not passing through any of the singular points 
of f(#), 1s equivalent to one fixed path joining these two points, 
preceded by a succession of loops starting from z, and surrounding 
one or more of the singular points @,, a@,,+--, a, of f(z). Let 4,, 4,, 
++, A, be the corresponding residues of f(z); the integral [ f(z) dz, 
taken along the loop surrounding the point a,, is equal to + 2 7iA,, 
and similarly for the others. The different values of the integral 
is ef) dz are therefore included in the expression 


Z 
(56) f J (2) d# = F(Z) + 2 mi(m,A, + mA, +++ +m, Ay); 


where F(Z) is one of the values of that integral corresponding to 
the determined path, and m., m,,+++ are arbitrary positive or nega- 
tive integers; the periods are 


27iA,, 2 7iA,, reesy 2 WiA,,. 
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In most cases the points a,, a,,---, a, are poles, and the periods 
result from infinitely small circuits described about these poles ; 
whence the term polar periods, which is ordinarily used to distin- 
guish them from periods of another kind mentioned later. 

Instead of a region of the plane interior to a closed curve, we may 
consider a portion of the plane extending to infinity; the function 
J (#) can then have an infinite number of poles, and the integral an 
infinite number of periods. If the residue with respect to a singu- 
lar point a of f(z) is zero, the corresponding period is zero and the 
point @ is also a pole or an essentially singular point for the integral. 
But if the residue is not zero, the point @ is a logarithmic critical 
point for the integral. If, for example, the point a is a pole of the 
mth order for f(z), we have in the neighborhood of that point 


Boe B 
i= Gcenpteserst eit aaa eee Ot 


and therefore 


: B,, 
[ f@e#=0-Gopergrat + BLoe— a) 
3 EN? 
+4,(2— 0) +4, S—™ 4. : 


where C is a constant that depends on the lower limit of integration 
z, and on the path followed by the variable in integration. 

When we apply these general considerations to rational functions, 
many well-known results are at once apparent. Thus, in order that 
the integral of a rational function may be itself a rational function, 
it is necessary that that integral shall not have any periods; that is, 
all its residues must be zero. That condition is, moreover, sufficient. 
The definite integral {, ee 





z#—-a@ 
0 


has a single critical point z =a, and the corresponding period is 
2qi; it is, then, in the integral calculus that the true origin of the 
multiple values of Log(z — a) is to be found, as we have already 
pointed out in detail in the case of fidz/e (§ 31). 

Let us take, in the same way, the definite integral 


F@={ Ty3 


it has the two logarithmic critical points + 7 and — 7, but it has only 
the single period +. If we limit ourselves to real values of the 


114 THE GENERAL CAUCHY THEORY [Il, § 53 


variable, the ‘different. determinations of arc tan # appear as so many 
distinct. functions of the variable x. We see, on the contrary, how 
Cauchy’s work leads us to regard them as so many distinct branches 
of the same analytic function. 


Note. When there are more than three periods, the value of the definite 
integral at any point z may be entirely indeterminate. Let us recall first the 
following result, taken from the theory of continued fractions*: Given a real 
irrational number @, we can always find two integers p and q, positive or nega- 
tive, such that we have |p +qa|<e, where e is an arbitrarily preassigned 
positive number. 

The numbers p and q having been selected in this way, let us suppose that 
the sequence of multiples of p + qa is formed. Any real number A is equal to 
one of these multiples, or lies between two consecutive multiples. We can 
therefore find two integers m and n such that |m + na — A| shall be less than e, 

With this in mind, let us now consider the function 

fo=s5(— Tpnestss) a +), 


2Qmri\e-—a z—-b z-c z-d 











where a, b, c, d are four distinct poles and a, B are real irrational numbers. 
The integral SEF (2) dz has the four periods 1, a, i, i8. Let I(z) be the value of 
the integral taken along a particular path from Zz, to z, and let M+ Ni denote 
any complex number whatever. We can always find four integers m, n, m’, n’ 
such that the absolute value of the difference 
I(z)+ m+ na + i(m + n’B) — (M + Ni) 

will be less than any preassigned positive number e. We need only choose 
these integers so that 


|m+na—Al<s, rm’ + wB— Bi<s, 


where M+ Ni—I(z) =A + Bi. Hence we can make the variable describe a 
path: joining the two points given in advance, 2), z, so that the value of the inte- 
gral {f(z)dz taken along this path differs as little as we wish from any pre- 
assigned number. Thus we see again the decisive influence of the path followed 
by the variable on the final value of an analytic function. 


54. A study of the integral ip *dz/V1 — z*. The integral calculus 
explains the multiple values of the function are sin z in the simplest 
manner by the preceding method. They arise from the different 
determinations of the definite integral 


(57) ‘F(2\= i ~ — < 


according to the path followed by the variable. For definiteness we 
shall suppose that we start from the origin with the initial value + 1 





* A little farther on a direct proof will be found (§ 66). 
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for the radical, and we shall indicate by / the value of the integral 
taken along a determined path (or direct path). For example, the 
path shall be along a straight line if the point z is not situated on 
the real axis or if it les upon the real axis within the segment from 
—1to +1; but when z is real and |z| >1, we shall take for the 
direct path a path lying above the real axis. 

Now, the points z =+ 1,  =—1 being the only critical points of 

1 — 2”, every path leading from the origin to the point z can be 
replaced by a succession of loops described about the two critical 
points +1 and —1, followed by the direct path. We are then led 
to study the value of the 
integral along a loop. Let 
us consider, for example, 
the loop Oama0, described 
about the point z=+1; 
this loop is composed of the segment Oa passing from the origin to 
the point 1 — «, of the circle ama of radius ¢ described about z= 1 
as center, and of the segment a0. Hence the integral along the loop 
is equal to the sum of the integrals 


dz 
sf, Jes: — x? i waa —# 


The integral along the small circle approaches zero with e¢, for the 
product (2 — 1) f(#) approaches zero. On the other hand, when z 
has described this small circle, the radical has changed sign and in 
the integral along the segment a0 the negative value should be 
taken for V1 — 2. The integral along the loop is therefore equal to 
the limit of 2 fr Se /V1—? as ¢ approaches zero, that is, to 7. 
It should be observed that the value of this integral does not depend 
on the sense in which the loop is described, but we return to the 
origin with the value —1 for the radical. 

If we were to describe the same loop around the point z=+1 
with — 1 as the initial value of the radical, the value of the integral 
along the loop would be equal to — 7, and we should return to the 
origin with +1 as the value of the radical. In the same way it is 
seen that a loop described around the critical point z =—1 gives 
— 7 or +7 for the integral, according as the initial value +1 or 
— 1 is taken for the radical on starting from the origin. 

If we let the variable describe two loops in succession, we return 
to the origin with +1 for the final value of the radical, and the 
yalue of the integral taken along these two loops will be + 2 77, 0, or 
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— 2-r, according to the order in which these two loops are described. 
An even number of loops will give, then, 2m for the value of the 
integral, and will bring back the radical to its initial value + 1. 
An odd number of loops will give, on the contrary, the value (2 m +1) 
to the integral, and the final value of the radical at the origin will 
be —1. It follows from this that the value of the integral F(z) will 
be one of the two forms 


I+2mm, (2m +1)7r — J, 


according as the path described by the variable can be replaced by 
the direct path preceded by an even number or by an odd number 
of loops. 


55. Periods of hyperelliptic integrals. We can study, in a similar 
manner, the different values of the definite integral 


Le FO=| ao 


where P(z) and R (z) are two polynomials, of which the second, R (), 
of degree n, vanishes for n distinct values of 2: 


R(z)=A (# — @,) (2 — @,) +--+ (@ — &)- 


We shall suppose that the point 2, is distinct from the points e,, e,, 

-+, @,3; then the equation wu? = R(z,) has two distinct roots + u, and 
—wu, We shall select wu, for the initial value of the radical R(z). If 
we let the variable z describe a path of any form whatever not pass- 
ing through any of the critical points e,, e,, --+, e,, the value of the 
radical VR (z) at each point of the path will be determined by con- 
tinuity. Let us suppose that from each of the points e,, e,,---, ¢, 
we make an infinite cut in the plane in such a way that these cuts do 
not cross each other. The integral, taken from z, up to any point = 
along a path that does not cross any of these cuts (which we shall 
call a direct path), has a completely determined value 7(z) for each 
point of the plane. We have now to study the influence of a loop, 
described from z, around any one of the critical points e,, on the 
value of the integral. Let 2; be the value of the integral taken 
along a closed curve that starts from z, and incloses the single criti- 
cal point e;, the initial value of the radical being u, The value of 
this integral does not depend on the sense in which the curve is 
described, but only on the initial value of the radical at the point Bas 
In fact, let us call 2 E; the value of the integral taken along the same 
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curve in the opposite sense, with the same initial value w, of the 
radical. If we let the variable z describe the curve twice in succes- 
sion and in the opposite senses, it is clear that the sum of the inte- 
grals obtained is zero; but the value of the integral for the first turn 
is 2 E;, and we return to the point 2, with the value — w, for the radi- 
cal. The integral along the curve described in the opposite sense is 
then equal to — 2 Ej, and consequently E; = E;. The closed curve 
considered may be reduced to a loop formed by the straight line z,a, 
the circle ¢; of infinitesimal radius about e,, and the straight line az, 
(Fig. 21); the integral along ¢; is infinitesimal, since the product 
(2 — e;) P (2) /V R (2) approaches zero with the absolute value of z — ¢,. 
If we add together the integrals 
along 2,4 and along az,, we find 


where the integral is takenalong 
the straight line and the initial 
value of the radical is wu, 

This being the case, the inte- 
gral taken along a path which 
reduces to a succession of two 
loops described about the points 
Ca, €g 18 equal to 2 E,— 2 Eg, 
for we return after the first loop Fig. 21 
to the point z, with the value 
—u, for the radical, and the integral along the second loop is equal 
to —2E,. After having described this new loop we return to the 
point z, with the original initial value w,. If the path described by 
the variable z can be reduced to an even number of loops described 
about the points @a, @g, Cy, &s)***) ks &, Successively, followed by the 
direct path from z, to z, where the indices a, B,---, x, A are taken 
from among the numbers 1, 2, ---, 2, the value of the integral along 
the path is, by what precedes, 





F@)= 1 -42(B.— E,) 2 Gye Bi) eee 2 (Es Se. 


If, on the contrary, the path followed by the variable can be reduced 
to an odd number of loops described successively around the critical 
points 4, &g, +++, ky &) x, the value of the integral is 


RG 2 Ee ia 2 (ENE ADE lh 
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Hence the integral under consideration has as periods all the expres- 
sions 2(E; — E,), but all these periods reduce to (n — 1) of them: 


o, = 2(£, — £,), wo, = 2(B,— #,), sey Op 4 FF 2 nates 
for it is clear that we can write 
2(E; = E,)= 2 (EF; — E,)— 2(E, — E,)= WO; — Wp). 


Since, on the other hand, 2 E, = o, + 2 E,, we see that all the values 
of the definite integral F(z) at the point are given by the two 
expressions 

F(2)= I+ mo, +++ + M,-1% -1) 

F(z)=2E, — I+ mo, + +++ + ™,-1%%-15 


where m,, m,,+++, m,_1 are arbitrary integers. 

This result gives rise to a certain number of important observa- 
tions. It is almost self-evident that the periods must be independent 
of the point z, chosen for the starting point, and it is easy to verify 
this. Consider, for example, the period 2 #,— 2 £,; this period is 
equal to the value of the integral taken along a closed curve T pass- 
ing through the point z, and containing only the two critical points 
e;, &,- If, for definiteness, we suppose that there are no other critical 
points in the interior of the triangle whose vertices are ,, e,, e,, this 
closed curve can be replaced by the boundary b'ne'emb (Fig. 21); 
whence, making the radii of the two small circles approach zere, we 
see that the period is equal to twice the integral 


taken along the straight line joining the two critical points e,, e,. 

It may happen that the (n —1) periods ,, ,,+++, ,_, are not 
‘independent. This occurs whenever the polynomial R (z) is of even 
degree, provided that the degree of P(z) is less than n/2 —1. With 
the point , as center let us draw a circle C with a radius so large 
that the circle contains all the critical points; and for simplicity let 
us suppose that the critical points have been numbered from 1 to n 
in the order in which they are encountered by a radius vector as it 
turns about z, in the positive sense. 


The integral Ple)d 
2) dz 
if ely 
VR (2) 
taken along the closed boundary 2,4 A =, formed by the radius 2,4, 
by the circle C, and by the radius Az, described in the negative sense, 
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is zero. The integrals along 2,A and along Az, cancel, for the circle. 
C contains an even number of critical points, and after having 
described this circle we return to the point A with the same value 
of the radical. On the other hand, the integral along C approaches 
zero as the radius becomes infinite, since the product 2P(z)/VR (2) 
approaches zero by the hypothesis made on the degree of the poly- 
nomial P(z). Since the value of this integral does not depend on the 
radius of C, it follows that that value must be zero. 

Now the boundary z,A Az, considered above can be replaced by 
a succession of loops described around the critical points e,, €,, +++, é, 
in the order of these indices. Hence we have the relation 


Di SOO Oats gf OE, Bee 0, 


~n—1 


which can be written in the form 
wo, — 0, +0, —o, ++-++o,-, = 9; 


and we see that the m —1 periods of the integral reduce to n — 2 


periods w,, @,, +++, @,—». 


Consider now the more general form of integral 


P (2) dz 
F 
ea -| seme 


where P, Q, R are three polynomials of which the last, R(z), has only simple 
roots. Among the roots of Q(z) there may be some that belong to R (z); let a, 
Gy, +++, @& be the roots of Q(z) which do not cause R(z) to vanish. The integral 
F(z) has, as above, the periods 2(#; — E;), where 2 EH; denotes always the inte- 
gral taken along a closed curve starting from Zz, and inclosing none of the roots 
of either of the polynomials Q(z) and R(z) except e;. But F(z) has also a cer- 
tain number of polar periods arising from the loops described about the poles 
G1, &,+++, &. The total number of these periods is again diminished by unity 
if R(z) is of even degree n, and if 


n 
p<q at 2 as Me 
where p and q are the degrees of the polynomials P and Q respectively. 


Example. Let R(z) be a polynomial of the fourth degree having a multiple 
root, Let us find the number of periods of the integral 


ifs ie aT 


If R(z) has a double root e, and two simple roots e,, e;, the integral 


@ dz 
F = 
“) l aeaeaSses 
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has the period 2, — 2.E,, and also a polar period arising from a loop around 
the pole e,. By tiie remark made just above, these two periods are equal. If 
R(z) has two double roots, it is seen immediately that the integral has a single 
polar period. 

If R(z) has a triple root, the integral 


POs [a 
Z (2 — &,) V (2 — &) ( — &) 


has the period 2H, — 2 #,, but, by the general remark made above, that period 
is zero. The same thing is true if R(z) has a quadruple root. In résumé we 
have: If R(z) has one or two double roots, the integral has a period; if R(z) has a 
triple or quadruple root, the integral does not have periods. All these resuits are 
easily verified by direct integration. 


(56.~Beriods of elliptic integrals of the first kind. The elliptic integral 
of the first kind, 


F(@)= i Tes 


where R (2) is a polynomial of the third or the fourth degree, prime to 
its derivative, has two periods by the preceding general theory. We 
shall now show that the ratio of these two periods is not real. 

We can suppose without loss of generality that R(<) is of the 
third degree. Indeed, if R, (2) is a polynomial of the fourth degree, 
and if a is a root of this polynomial, we may write (I, § 105, note, 
2d ed.; § 110, 1st ed.) 


Mere | an 
VR, J VR) 


where z=a@+1/y and where R(y) is a polynomial of the third 
degree. It is evident that the two integrals have the same periods. 
If R(z) is of the third degree, we may suppose that it has the roots 
0 and 1, for we need only make a linear substitution z = @ + By to 
reduce any other case to this one. Hence the proof reduces to 
showing that the integral 


(59) F(z) = =f: wae SCS art 


where a is different from zero and from unity, has two periods whose 
ratio is not real. 
If a is real, the property is evident. Thus, if a is greater than 
unity, for example, the integral has the two periods 
1 





dz 


0 Ve(l—2)(a—2) Ve(1—2)(a@—2) 
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of which the first is real, while the second is a pure imaginary. 
Moreover, none of these periods can be zero. 

Suppose now that @ is complex, and, for example, that the coefti- 
cient of 7 in @ is positive. We can again take for one of the periods 


We shall apply Weierstrass’s formula (§ 27) to this integral. When 
z varies from 0 to 1, the factor 1/Vz(1 — z) remains positive, and 
the point representing 1/Va — x describes a curve L whose general 
nature is easily determined. Let A 
be the point representing a; when 
z varies from 0 to 1, the point a —z 
describes the segment AB parallel 
to Ox and of unit length (Fig. 22). 
Let Op and Og be the bisectors of 
the angles which the straight lines 
OA and OB make with Oz, and let 
Op' and Oq' be straight lines sym- 
metrical to them with respect to Ox. 
If we select that determination of 
Va —z whose angle lies between 
O and 7/2, the point Va — z de- 
scribes an are a8 from a point @ on Op to a point B on Oq; hence the 
point 1/Va — z describes an arc a'' from a point a! on Op' to a point 
B' of Og'. It follows that Weierstrass’s formula gives 








Fig. 22 


1 
ne ee 
o Ve(1—2) 


where Z, is the complex number corresponding to a point situated in 

the interior of every convex closed curve containing the arc a'B’. It 

is clear that this point Z, is situated in the angle p'0q', and that it 

cannot be the origin; hence the angle of Z, lies between — 1/2 and 0 
We can take for the second period 


dz 


2, = 2 a a ee Cn 
OA 


& dz 
2 ——————— 9 
V2(1 — 2) (a —2) 4 V2(1 — 2) (a — 2) 


or, setting z = at, 


1 dt 
nae 2f Vil—t)(—at) 
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In order to apply Weierstrass’s formula to this integral, let us notice 
that as ¢ increases from 0 to 1 the point at describes the segment 
OA and the point 1 — at describes the equal and parallel segment 
from z=1 to the point C. Choosing suitably the value of the 
radical, we see, as before, that we may write 


: eared: 
0,=22, f —— = LZ, 
pe Nee) 
where 7,18 a complex number different from zero whose angle lies 


between 0 and 1/2. The ratio of the two periods 2,/Q, or Z,/Z, is 
therefore not a real number. 


EXERCISES 
1. Develop the function 


y= aC EN a +5(¢-Ve= ye 


in powers of «, m being any number. 
Find the radius of the circle of convergence. 


2. Find the different developments of the function 1/[(z? + 1) (z — 2)] in posi- 
tiveor negative powers of z, according to the position of the point z in the plane. 
<3 © 


. Calculate the definite integral fz? Log [(z + 1)/(z — 1)]dz taken along a 


circle of radins 2 about the origin as center, the initial value of the logarithm at 
the point z = 2 being taken as real. 


Calculate the definite integral _%> 


2+e4+1 
taken over the same boundary. 


4. Let f(z) be an analytic function in the interior of a closed curve C con- 
taining the origin. Calculate the definite integral f.¢f’(z) Log zdz, taken along 
the curve C, starting with an initial value z). 


5. Derive the relation 


rh rete _1.8,5++-(@n—1) _ 
_¢ G@+eptl”  2.4.6...2n 


and deduce from it the definite integrals 


- dt a dt 
ak ((t— a)? + peti’ _ AP+ 2B + O)n +1 


6. Calculate the following definite integrals by means of the theory of residues: 


+o . : 
sin ma da dabei 1 
a m and a being rea 

» (a? + a2)? Se aa 


** cos ax ‘ 
da a being real, 
wm 











Liekiet 
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oe, da 
efi ee a and £ being real, 


(a? — 2 Bia — B? — @2)n+1’ 


o 


+2 
cos x dx 
40. (2? +1) (2? + 4)’ 


ee Urea (1— 2) ie log a dx 
—___— da, — , 
0 (1+ «)3 pus a 2), 


+ 0 
COs at — cos bx : she 
a eee, a and 6 being real and positive. 
x ; 
0 





(To evaluate the last integral, integrate the function (e« — e*)/z? along the 
boundary indicated by Fig. 17.) 

7. The definite integral Jy @¢/[A + C—(A— C)cos ¢] is equal, when it 
has any finite value, to er/V AC, where e is equal to +1 and is chosen in 
such a way that the coefficient of i in ei VAC/A is positive. 

8. Let F(z) and G(z) be two analytic functions, and z = a a double root of 
G(z) =0 that is not a root of F(z). Show that the corresponding residue of 
F(z)/G (2) is equal to 

6 F’ (a) G’ (a) — 2 F(a) @’”’ (a) 
3G” (a)}? 
In a similar manner show that the residue of F'(z)/[@ (z)]? for a simple root 
a of G(z) = 0 is equal to 





F(a) Ga) — F@ 6’) | 
[@’(a)]° 





9. Derive the formula 


ie dz eT 
oS ee ee eS eS ee 
2 -(@—a)V1—@ V1 = 0? 
the integral being taken along the real axis with the positive value of the 
radical, and a being a complex number or a real number whose absolute value 
is greater than unity. Determine the value that should be taken for V1— a?. 
10. Consider the integrals fisy2/V1 + 23, Jisydz/V1 +28, where S and S, 
denote two boundaries formed as follows: The boundary S is composed of a 
straight-line segment OA on Ox (which is made to expand indefinitely), of the 
circle of radius OA about O as center, and finally of the straight line AO. The 
boundary S, is the succession of three loops which inclose the points a, b, ¢ 
which represent the roots of the equation z@ + 1= 0. 
Establish the relation that exists between the two integrals 
+2 dx a dt 
sa aeaes Soe es, 
0 V1+ 23 >» VI-#é 
which arise in the course of the preceding consideration. 
11. By integrating the function e-* along the boundary of the rectangle 
formed by the straight lines y= 0, y= 6,2 =+ R, x =— R, and then making 
R become infinite, establish the relation 


+o 
ir e-* cos 2bx dx = Vme-"*. 


eagty.2} 
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12. Integrate the function e-*z"-1, where n is real and positive, along a 
boundary formed by a radius OA placed along Oz, by an arc of a circle AB of 
radius OA about O as center, and by a radius BO such that the angle a = AOB 
lies between 0 and 7/2. Making OA become infinite, deduce from the preced- 
ing the values of the definite integrals 


+2 +0 ’ 
if ur —le— a4 cos bu du, 46 un—le- au sin bu du, 
0 0 


where a and bare real and positive. The results obtained are valid for @ = 7/2, 
provided that we have n <1. 


13. Let m, m’, n be positive integers (m <n, m’<n). Establish the formula 


+2 49 __ f2m’ , 
a ed bd Ge at = = | om(*"** «| — etn“ aaale 
. 1— 2" 2n 2n 2n 


14. Deduce from the preceding result Euler’s formula 


BPSD EEE T 
Sas 
i Te ansin(“" 4" x) 
2n 


15. If the real part of a is positive and less than unity, we have 


+x eaxdyr T 
if l+e sinar 


ao 











(This can be deduced from the formula (389) (§ 47) or by integrating the 
function e*/(1 + e*) along the boundary of the rectangle formed by the straight 
lines y = 0, y = 27,2 =+ R, e =— R, and then making R become infinite.) 

16. Derive in the same way the relation 


Tce ete — OF an b 
——_—_ dz = 3 (ctn ar — ct 
Bees: ( a — ctn br), 
where the real parts of a and 6 are positive and less than unity. 

(Take for the path of integration the rectangle formed by the straight lines 
y=0,y=7, 2 = R, x =— R, and make use of the preceding exercise.) 

17. From the formula 


(Uae) Soe V1) -sis (etd) 
Bee k! . 








(C) 


where n and k are positive integers, and C is a circle having the origin as 
center, deduce the relations 


ip “(2 cos u)" +* cos (w — k)udu = Mts 2)--- (r+) ; 
: k! 

oe eis. 8. cad) 

_, V1i-2 Cr Mt Pee eae 


(Put z = e', then cos u = a, and replace n by n + k, and k by n.) 
18*, The definite integral 


ae’ 








tas [ oe ’ 
0 1— a(x +V2? —1 cos¢) 
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when it has a finite value, is equal to + r/V1— 2az + a, where the sign 
depends upon the relative positions of the two points @ and z. Deduce from 
this the expression, due to Jacobi, for the nth Legendre’s polynomial, 


X,= s fie + Va? — 1 cos ¢)"d¢. 
mJo 


19. Study in the same way the definite integral 


7 do 
Say Se aera } 
5 2—a+V22—1cos¢ 


and deduce from the result Laplace’s formula 


us 
B Gants ie dupe At 26 ten ® a. 
La AN: + Va? —1cos¢)t1 
Sh e =+1, according as the real part of « is positive or negative. 
/ 20*\ Establish the last result by integrating the function 
< 1 
antl /1_ O92 4 22 


along a circle about the origin as center, whose radius is made to become infinite. 





21*. Gauss’s sums. Let T; = e27*/”, where n and s are integers; and let 
S, denote the sum Ty + T, + ---+ T,~1. Derive the formula 


2 EBs 


(Apply the theorem on residues to the function ®(z) = e2%/2/n/(e2miz — 1), taking 
for the boundary of integration the sides of the rectangle formed by the straight 
lines ce =0,t¢=n, y=+ R, y =— R, and inserting two semicircumferences of 
radius « about the points « = 0, x = n as centers, in order to avoid the poles 
z=0Oandz=n of the function ¢(z); then let R become infinite.) 

22. Let f(z) be an analytic function in the interior of a closed curve I con- 
taining the points a, b, c,---,l. If a, B,-++, \ are positive integers, show that 
the sum of the residues of the function 


o@= 28 (FE) -G/ 


with respect to the poles a, b, c,-+-, /is a polynomial F(x) of degree 
a+B+---+A—i 





satisfying the relations 
F(a) = f(a), F’ (a) =f’ (a), Sr, F@-(a) = f@- (a), 
a(S) ea fi(0), RL Oya I7(b), mre GeO Os (0); 


Sie, eieleleieieréceiel | leceuepdiesenaxealelepe: (0814), 1 (8)6)'4).6) 6:1056)(6.-0 0116: 010) @)/6i'0\.egei 6i-e 


; 
(Make use of the relation F(a) = f(a) + (Jory ¢$ (2) dz]/2 mi.) 
23*, Let f(z) be an analytic function in the interior of a circle C with center 
a. On the other hand, let a,, d,,+++, @,+++ be an infinite sequence of points 
within the circle C, the point a, having the center a for limit as n becomes in- 
finite. For every point z within C there exists a development of the form 


“ F(a) 
F (2) =F (a4) $v + (B=) (2 — Oy) 0 (Z— =) Dy Fa) + see, 
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Fy, (2) = (2 — 41) (@ — Gg) +++ (2 — Gn). 
SLavrent, Journal de mathématiques, 5th series, Vol. VIII, p. 325.] 


(Make use of the following formula, which is easily verified, 








Ie Ae gs t— a, 
z—-&@ z—-d, %—4)@-4) 
‘ (w — ay) +++ (© — An—-1) 1 (x — ay) +++ (@ — ay) 





(2— 44) +++ (@— G1) (@— Gy) | Z— @ (Z— 4) +++ (Z— Gy)’ 
and follow the method used in establishing Taylor’s formula.) 


24. Let 2 =a + bi be a root of the equation f(z) = X + Yi =0 of multi- 
plicity n, where the function f(z) is analytic in its neighborhood. The point 
z=da, y= is a multiple point of order n for each of the two curves X = 0, 
Y = 0. The tangents at this point to each of these curves form a set of lines 
equally inclined to each other, and each ray of the one bisects the angle between 
the two adjacent rays of the other. 


25. Let f(z) = X + Yi = Age” + Ayzm-1 4 «+--+ + An be a polynomial of the 
mth degree whose coefficients are numbers of any kind. All the asymptotes of 
the two curves 4 =0, Y =0 pass through the point —A,/mA, and are 
arranged like the tangents in the preceding exercise. 


26*. Burman’s series. Given two functions f(x), F(x) of a variable az, 
Burman’s formula gives the development of one of them in powers of the other. 
To make the problem more definite, let us take a simple root a of the equation 
F(x) = 0, and let us suppose that the two functions f(x) and F(a) are analytic 
in the neighborhood of the point a. In this neighborhood we have 


_@&—a 
ay > 
(x) 
the function ¢ (x) being regular for ©=a if @ is a simple root of F(z) = 0. 
Representing F(x) by y, the preceding relation is equivalent to 





F(z) 


L—a— yp (x) = 0, 
and we are led to develop f(x) in powers of y (Lagrange’s formula). 


27*. Kepler’s equation. The equation z— a — e sin z = 0, where a and e are 
two positive numbers, a@ <a, e< 1, has one real root lying between 0 and z, 
and two roots whose real parts lie between ma and (m + 1), where m is any 
positive even integer or any negative odd integer. If m is positive and odd, 
or negative and even, there are no roots whose real parts lie between ma and 
(m + 1)7. 

[Brior nr Bouqurr, Théorie des fonctions elliptiques, 2d ed., p. 199.] 

(Study the curve described by the point u = z— a—e sing when the vari- 
able z describes the four sides of the rectangle formed by the straight lines 
c=mr,c=(m+1)7,y=+ R, y =— R, where R is very large.) 

28*. For very large values of m the two roots of the preceding exercise 
whose real parts lie between 2mm and (2m + 1)7 are approximately equal to 
2mm + 1/2 + i [log (2/e) + log (2mm + m/2)). 

[Gourter, Annales de V Ecole Normale, 2a series, Vol. VII, p. 73.] 


CHAPTER III 


SINGLE-VALUED ANALYTIC FUNCTIONS 


The first part of this chapter is devoted to the demonstration of 
the general theorems of Weierstrass* and of Mittag-Leffler on inte- 
gral functions and on single-valued analytic functions with an 
infinite number of singular points. We shall then make an applica- 
tion of them to elliptic functions. 

Since it seemed impossible to develop the theory of elliptic func- 
tions with any degree of completeness in a small number of pages, 
the treatment is limited to a general discussion of the fundamental 
principles, so as to give the reader some idea of the importance of 
these functions. For those who wish to make a thorough study of 
elliptic functions and their applications a simple course in Mathe- 
matical Analysis would never suffice; they will always be compelled 
to turn to special treatises. 


I. WEIERSTRASS’S PRIMARY FUNCTIONS. MITTAG-LEFFLER’S 
THEOREM 


57. Expression of an integral function as a product of primary 
functions. Every polynomial of the mth deg~ee is equal to the prod- 
uct of a constant and m equal or unequal factors of the form a — a, 
and this decomposition displays the roots of the polynomial. Euler 
was the first to obtain for sin z an analogous development in an 
infinite product, but the factors of that product, as we shall see far- 
ther on, are of the second degree in z. Cauchy had noticed that we 
are led in certain cases to adjoin a suitable exponential factor to 
each of the binomial factors such as « — a. But Weierstrass was 
the first to treat the question with complete generality by showing 
that every integral function having an infinite number of roots can 
be expressed as the product of an infinite number of factors, each 
of which vanishes for onlya single value of the variable. 








* The theorems of Weierstrass which are to be presented here were first published 
in a paper entitled Zur Theorie der eindeutigen analytischen Functionen (Berl. 
Abhandlungen, 1876, p. 11 = Werke, Vol. II, p. 77). Picard gave a translation of this 
paper in the Annales de UV Ecole Normale supérieure (1879). The collected researches 
of Mittag-Leffler are to be found in a memoir in the Acte mathematica, Vol. I. 
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We already know one integral function which does not vanish for 
any value of z, that is, e. The same thing is true of e”, where g(2) 
is a polynomial or an integral transcendental function. Conversely, 
every integral function which does not vanish for any value of 2 is 
expressible in that form. In fact, if the integral function G(z) does 
not vanish for any value of z, every point 2 = a is an ordinary point 
for G'(z)/G(z), which is therefore another integral function g,(z) : 


BG =H) 


Integrating both sides between the limits z,, z, we find 


Log ba = I nO dz = 9(#)— 9 (%), 


where g(z) is a new integral function of z, and we have 
G (2) == (2) e9 @)- 9G) —= eIO—- 9G) + Log l@@)), 


The right-hand side is precisely in the desired form. 
If an integral function G(z) has only n roots a,, a,, +++, @,, distinct 
or not, the function G(z) is evidently of the form 


G(z)=(# — a,)(# — a.) +++ (@ — a, 7, 


Let us consider now the case where the equation G(z)= 0 has an 
infinite number of roots. Since there can be only a finite number of 
roots whose absolute values are less than or equal to any given num- 
ber R (§ 41), if we arrange these roots in such a way that their 
absolute values never diminish as we proceed, each of these roots 
appears in a definite position in the sequence 


(1) By, Uy 22% Any U4aiy es %y 


where |a,| = |a,4,|, and where ee becomes infinite with the index n. 
We shall suppose that each root appears in this series as often as is 
required by its degree of multiplicity, and that the root z= 0 is 
omitted from it if G(0)=0. We shall first show how to construct 
an integral function G,(z) that has as its roots the numbers in the 
sequence (1) and no others. 

The product (1 — z/a,)e%@, where Q,(z) denotes a polynomial, is 
an integral function ‘which does not vanish except for z = a,. We 
shall take for Q,(2) a polynomial of degree y determined in the fol- 
lowing manner: write the preceding product in the form 


a (z) + Log (1 ~ a), 
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and replace Log (1 — z/a,) by its expansion in a power series; then 
the development of the exponent will commence with a term of 
degree v +1, provided we take 
a 
Q& @==4+5 sage asker, 


The integer y is still undetermined. We shall show that this number v 
can be chosen as a function of n in such a way that the infinite product 


+0 mm 
pigs Qy @) 
) I (1-<)¢ 


will be absolutely and uniformly convergent in every circle C of 
radius R about the origin as center, however large R may be. The 
radius R having been chosen, let @ be a positive number less than 
unity. Let us consider separately, in the product (2), those factors 
corresponding to the roots a, whose absolute values do not exceed 
R/a. If there are g roots satisfying this condition, the product of 


these qg factors ‘ 
& 
A®=T] fe = laa 


evidently represents an integral function of z. Consider now the 
product of the factors beginning with the (¢ +1)th: 


+a 2 $ 
nom it (-2)oe 


n=q+1 nv 
If z remains in the interior of the circle with the radius R, we 
have la,| > R/a when n> gq, it follows 
that we also have |z|<a|a,|. A factor of this product can then be 
written, from the manner in which we have taken Q,(z), 


(1 _ 2) ote =a eke) Papa) Tt, 








Ay, 


if we denote this factor by 1 + ~,, we have 
1 gN\u +4 1 z\v+2 
Nya prac) alt) Te ihe? be 1 
n ‘* 


Hence the proof reduces to showing that by a suitable choice of the 
number vy the series whose general term is U, =|u,| is uniformly 
convergent in the circle of radius R(I, § 176, 2d ed.). In generai, 
if m is any real or complex number, we have 





jem —1)=el™!—1, 
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We have then, a fortiori, 


a 
Ln 


z 








as v+1 
an, 


Waray, 














1 sta \z 2 
as —— | ees 
= HP dg 


a 
w 


or, noticing that |z|<a|a,|, when |z| is less than R, 











1 |z Lae ety a! 
Gy pt: Jee al 
But if « is a real positive numbev, e” —1 is less than axe*; hence 
we have ; 
v+1 1 | eiv+i1_1 v+1 pl—-a@ 
Of = 1 1 esi l-@s 1 = 2 ‘ 
yt) 1—@ 


Les e5 i v+1 

In order that the series whose general term is U, shall be uni- 
formly convergent in the circle with the radius FR, it is sufficient 
that the series whose general term is |z/a,|”*? converge uniformly 
in the same circle. If there exists an integer p such that the series 
3|1/a,|” converges, we need only take y= p —1. If there exists no 
integer p that has this property,* it is sufficient to take v= —1. 
For the series whose general term is |z/a,|” is uniformly convergent 
in the circle of radius FR, since its terms are smaller than those of 
the series 3|R/a,|”, and the nth root of the general term of this last 
series, or |R/a,,|, approaches zero as m increases indefinitely.t 

Therefore we can always choose the integer v so that the infinite 
product F(z) will be absolutely and uniformly convergent in the 
circle of radius R. Such a product can be replaced by the sum of a 
uniformly convergent series (§ 176, 2d ed.) whose terms are all 
analytic. Hence the product F(z) is itself an analytic function 
within this circle (§ 39). Multiplying F,(z) by the product F(z), 
which contains only a finite number of analytic factors, we see that 
the infinite product 


(3) G,(2) TT (1 = = 2% 


n=1 


iA 


~ 




















Up, 














an, 


is itself absolutely and uniformly convergent in the interior of the 
circle C with the radius R, and represents an analytic function within 
this circle. Since the radius R can be chosen arbitrarily, and since 





* For example, let ai=log n (n=2). The series whose general] term is (log n)-? 
is divergent, whatever may be the positive number p, for the sum of the first (n —1) 
terms is greater than (7 —1)/(log )P?, an expression which becomes infinite with n. 

t Borel has pointed out that it is sufficient to take for » a number such that »+1 
shall be greater than log. In fact, the series D| R/an|!e” is convergent, for the 
general term can be written elognlog| Rva,|= nlog|R/a,|, After a sufficiently large 
value of 2, |@n|/R will be greater than e2, and the general term less than 1/n2. 
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v does not depend on R, this product is an integral function G,(z) 
which has as its roots precisely all the various numbers of the 
sequence (1) and no others. 
If the integral function G(z) has also the point z = 0 as a root of 
the pth order, the quotient 
G(z) 


PG (2) 
is an analytic function which has neither poles nor zeros in the 
whole plane. Hence this quotient is an integral function of the form 
e7, where g(z) is a polynomial or an integral transcendental func- 
tion, and we have the following expression for the function G(z): 


+2 
= 09 @) pt at Fh LOK) 
(4) G(2) = e # |] (1 7) ePv@), 


n=1 
The integral function g(z) can in its turn be replaced in an infinite 
variety of ways by the sum of a uniformly convergent series of 
polynomials 
IZ)=ME\t+ Ze) s+ MZ +++ 


and the preceding formula can be written again 


at = 
G@Q)=? Il (1 — =) C2) + 2), 


n=1 n 
The factors of this product, each of which vanishes only for one 
value of z, are called primary functions. 

Since the product (4) is absolutely convergent, we can arrange the 
primary functions in an arbitrary order or group them together in 
any way that we please. In this product the polynomials Q,(z) 
depend only on the roots themselves when we have once made a 
choice of the law which determines the number y as a function of n. 
But the exponential factor e7 cannot be determined if we know 
only the roots of the function G(z). Take, for example, the function 
sin 7rz, which has all the positive and negative integers for simple 
roots. In this case the series 3'|1/a,|? is convergent ; hence we can 
take y=1, and the function 


Folf Nees 
G(z)= z[] (1-)e, 


where the accent placed to the right of II means that we are not to 
give the value zero* to the index n, has the same roots as sin 72. 





* When this exception is to be made in a formula, we shall call attention to it 
by placing an accent (’) after the symbol of the product or of the sum. 
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We have then sin 7rz = e?®G(z), but the reasoning does not tell us 
anything about the factor e”. We shall show later that this factor 
reduces to the number 7. 


58. The class of an integral function. Given an infinite sequence 
Ay) May ° a ., where |a,| becomes infinite with , we have just 
seen toe i phere an infinite number of integral functions that 
have all the terms of that sequence for zeros and no others. When 
there exists an integer p such that the series &|a,|~? is convergent, 
we can take all the polynomials Q,(z) of degree p —1. 

Given an integral function of the form 


G@=2e@T] (1-=)e* (ae) fe ecto She 1 
A= nm 


Rd 


where P(z) is a polynomial of degree not higher than p —1, the 
number p —1 is said to be the class of that function. Thus, the 


function oe 3 
IL-5) 
n=1 
is of class zero; the function (sin 7z)/m mentioned above is of class 


one. The study of the class of an integral function has given rise in 
recent years to a large number of investigations.* 


59. Single-valued analytic functions with a finite number of singular 
points. When a single-valued analytic function F(z) has only a 
finite number of singular points in the whole plane, these singular 
points are necessarily isolated; hence they are poles or isolated 
essentially singular points. The point + =o is itself an ordinary 
point or an isolated singular point (§ 52). Conversely, if a single 
valued analytic function has only isolated singular points in the entire 
plane (including the point at infinity), there can be only a finite 
number of them. In fact, the point at infinity is an ordinary point 
for the function or an isolated singular point. In either case we can 
describe a circle C with a radius so large that the function will have 
no other singular point outside this circle than the point at infinity 
itself. Within the circle C the function can have only a finite number 
of singular points, for if it had an infinite number of them there 
would be at least one limit point (§ 41), and this limit point would 
not be an isolated singular point. Thus a single-valued analytic 





*See Bore, Legons sur les fonctions entizres (1900), and the recent work of 
BLUMENTHAL, Sur les fonctions entiéres de genre infini (1910). 
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function which has only poles has necessarily only a finite number 
of them, for a pole is an isolated singular point. 

Every single-valued analytic function which is regular for every 
Jinite value of z, and for z= 0, is a constant. In fact, if the func- 
tion were not a constant, since it is regular for every finite value of 
z, it would be a polynomial or an integral function, and the point at 
infinity would be a pole or an essentially singular point. 

Now let F(z) be a single-valued analytic function with n distinct 
singular points a@,, @,,---, @, in the finite portion of the plane, and 
let G,[1/(e — a,)] be the principal part of the development of F(z) 
in the neighborhood of the point a,; then G; is a polynomial or an 
integral transcendental function in 1/(z —a,). In either case this 
principal part is regular for every value of 2 (including z = 0) 
except x =a,. Similarly, let P(z) be the principal part of the devel- 
opment of F(z) in the neighborhood of the point at infinity. P(z) 
is zero if the point at infinity is an ordinary point for F(z). The 
difference 





n ih ) 
D = F(z)— P(2) -Sa(; ary 
is evidently regular for every value of z including z = 0; itis there- 
fore a constant C, and we have the equality* 


(5) FQ)=P@+DG(—z) +6 





which shows that the function F(z) is completely determined, except 
for an additive constant, when the principal part in the neighbor- 
hood of each of the singular points is known. These principal parts, 
as well as the singular points, may be assigned arbitrarily. 

When all the singular points are poles, the principal parts G; are 
polynomials; P(z) is also a polynomial, if it is not zero, and the 
right-hand side of (5) reduces to a rational fraction. Since, on the 
other hand, a single-valued analytic function which has only poles 
for its singular points can have only a finite number of them, we 
conclude from this that a single-valued analytic function, all of whose 
singular points are poles, is a rational fraction. 


* We might obtain the same formula by equating to zero the sum of the residues 


of the function . : 
eS) (; -2 @- =) 





where z and Zp, are considered as constants and x as the variable (see § 52). 
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60. Single-valued analytic functions with an infinite number of singu- 
lar points. If a single-valued analytic function has an infinite num- 
ber of singular points in a finite region, it must have at least one 
limit point within or on the boundary of the region. For example, 
the function 1/sin(1/z) has as poles all the roots of the equation 
sin (1/z) = 0, that is, all the points = 1/k7r, where X is any integer 
whatever. The origin is a limit point of these poles. Similarly, the 
function 1 


ia : | 
: a 
sin — 
z 


has for singular points all the roots of the equation sin (1/z) =1/(k7), 
among which are all the points 





t 


CO eS 


2k'tr + arc sin a) 
kar 


where & and k! are two arbitrary integers. All the points 1/(2 k'1) 
are limit points, for if, k’ remaining fixed, & increases indefinitely, 
the preceding expression has 1/(2k'sr) for its limit. It would be 
easy to construct more and more complicated examples of the same 
kind by increasing the number of sin symbols. There also exist, as 
we shall see a little farther on, functions for which every point of a 
certain curve is a singular point. 

It may happen that a single-valued analytic function has only a 
finite number of singular points in every finite portion of the plane, 
although it has an infinite number of them in the entire plane. Then 
outside of any circle C, however great its radius may be, there are 
always an infinite number of singular points, and we shall say that 
the point at infinity is a limit point of these singular points. In the 
following paragraphs we shall examine single-valued analytic func. 
tions with an infinite number of isolated singular points which have 
the point at infinity as their only limit point. 


61. Mittag-Leffler’s theorem. If there are only a finite number of 
singular points in every finite portion of the plane, we can, as we 
have already noticed for the zeros of an integral function, arrange 
these singular points in a sequence 


(6) a) a, She Any 


in such a way that we have |a,|=|a,4,| and that |a,| becomes infinite 
with n. We may suppose also that all the terms of this sequence 


III, § 61] PRIMARY FUNCTIONS 135 


are different. To each term a; of the sequence (6) let us assign a 
polynomial or an integral function in 1/(2—a,), G,[1/(z —4,)], 
taken in an entirely arbitrary manner. Mittag-Leffler’s theorem may 
be stated thus : 


There exists a single-valued analytic function which is regular for 
every finite value of z that does not occur in the sequence (6), and for 
which the principal part in the neighborhood of the point z = a; is 
G;[1/(z — a,)}. 

We shall prove this by showing that it is possible to assign to 
each function G;[1/(¢ — a,)] a polynomial P;(z) such that the series 


> g i : z) +P] 


t=1 





defines an analytic function that has these properties. 

If the point = 0 occurs in the sequence (6), we shall take the 
corresponding polynomial equal to zero. Let us assign a positive 
number ¢; to each of the other points a; so that the series Se; shall be 
convergent, and let us denote by @ a positive number less than unity. 
Let C; be the circle about the origin as center passing through the 
point a;, and C; the circle concentric to the preceding with a radius 
equal to a|a;|. Since the function G,;[1/( — a,)] is analytic in the 
circle C;, we have for every point within C; 





1 
(=z) = 0 + eae + ewe HF Binge” 4- ++, 
The power series on the right is uniformly convergent in the circle 
C,; hence we can find an integer vy so large that we have, in the 
interior of the circle C%;, 








1 
an — By — By? — +++ — By 21 <|E;, 


z2—4, 


(7) 


Having determined the number y in this manner, we shall take for 
P,(z) the polynomial — ay) — a2 — «++ — a,2". 

Now let C be a circle of radius R about the point z= 0 as 
center. Let us consider separately the singular points a, in the 
sequence (6) whose absolute values do not exceed R/a. If there 
are g of them, we shall set 


F,(2)= >| « leer =) +P.@)} 


ix=1 
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The remaining infinite series, 


Re= > [@(=a) +720} 


ti=qt+1 





is absolutely and uniformly convergent in the circle C, since for 
every point in this circle |z|< R <a|a,| if the index 7 is greater 
than g. From the inequality (7), and from the manner in which we 
have taken the polynomials P,(z), the absolute value of the general 
term of the second series is less than e; when z is within the circle C. 
Hence the function F,(z) is an analytic function within this circle, 
and it is clear that if we add F(z) to it, the sum 


(8) F(@) Ss lez) +70] 


will have the same singular points in the circle C, with the same 
principal parts, as F,(z). These singular points are precisely the 
terms of the sequence (6) whose absolute values are less than FR, and 
the principal part in the neighborhood of the point a; is G[1/(z—a,)]. 
Since the radius R may be of any magnitude, it follows that the 
function F(z) satisfies all the conditions of the theorem stated above. 

It is clear that if we add to F(z) a polynomial or any integral 
function whatever G(z), the sum F(z) + G(z) will have the same 
singular points, with the same principal parts, as the function F(z). 
Conversely, we have thus the general expression for single-valued 
analytic tunctions having given singular points with corresponding 
given principal parts; for the difference of two such functions, being 
regular for every finite value of z, is a polynomial or a transcendental 
integral function. Since it is possible to represent the function G (z) 
in turn by the sum of a series of polynomials, the function F(z) + G(z) 
can itself be represented by the sum of a series of which each term 
is obtained by adding a suitable polynomial to the principal part 
Gif1/@ — 4) ]. 

If all the principal parts G; are polynomials, the function is 
analytic except for poles in the whole finite region of the plane, and 
conversely. We see, then, that every function analytic except for 
poles can be represented by the sum of a series each of whose terms 
is a rational fraction which becomes infinite only for a single finite 
value of the variable. This representation is analogous to the decom- 
position of a rational fraction into simple elements. 

Every function @(z) that is analytie except for poles can also be 
represented by the quotient of two integral functions. For suppose 








a 
4 
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that the poles of @(z) are the terms of the sequence (6), each being 
counted according to its degree of multiplicity. Let G (2) be an 
integral function having these zeros; then the product ®(z) G(z) 
has no poles. It is therefore an integral function G,(z), and we have 


the equality 
G, (@ 
2@= 30. 


62. Certain special cases. The preceding demonstration of the 
general theorem does not always give the simplest method of con- 
structing a single-valued analytic function satisfying the desired 
conditions. Suppose, for example, it is required to construct a func- 
tion @(z) having as poles of the first order all the points of the 
sequence (6), each residue being equal to unity; we shall suppose 
that z = 0 is not a pole. The principal part relative to the pole a; is 
1/(z — a,;), and we can write 














engl Psa is na fl) 
aoe a; 5 ae as z2—a,;\a; 
If we take 
1 z Mina 
P = ye ee 
2) a; on ans a ay 


the proof reduces to determining the integer y as a function of the 
index 7 in such a way that the series 


s rf (é\--¥ 2” 1 
i= eee 0-4) aye? 


shall be absolutely and uniformly convergent in every circle de- 
scribed about the origin as center, neglecting a sufficient number of 
terms at the beginning. For this it is sufficient that the series 
x (z/a;)”*? be itself absolutely and uniformly convergent in the same 
region. If there exists a number p such that the series %|1/a,|? is 
convergent, we need only take y= yp —1. If there exists no such 
integer, we will take as above (§ 57) y= i—1,orv+1> log. The 
number v having been thus chosen, the function 








+c 1 ‘ll 4 gual 
(9) =S | + + 54-455], 
i=l i it a i 


which is analytic except for poles, has all the points of the sequence 
(6) as poles of the first order with each residue equal to unity. 
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It is easy to deduce from this a new proof of Weierstrass’s theorem 
on the decomposition of an integral function into primary functions. 
In fact, we can integrate the series (9) term by term along any path 
whatever not passing through any of the poles; for if the path lies 
in a circle C having its center at the origin, the series (9) can be 
replaced by a series which is uniformly convergent in this circle, 
together with the sum of a finite number of functions analytic except 
for poles. This results from the demonstration of formula (9). If 
we integrate, taking the point z = 0 for the lower limit, we find 


z cle 
jel >, [ella lent eaten al 


and consequently 
"e@dze +2 Den Ea ogee 
(10) oh ait (1 a “)e a ta Ware 


It is easy to verify the fact that the left-hand side of the equation 
(10) is an integral function of z. In the neighborhood of a value a 
of z that does not occur in the sequence (6) the integral fr ®@) dz 
is analytic; hence the function 


ph 8Oa 


is also analytic and different from zero for z =a. In the neighbor- 
hood of the point a; we have 


1 
&(z)= cae +P(z—4,), 


aft @ (z) dz = Log (z — a,) + Q(z — a), 
0 
ol ® (2) dz = (z ts a;) ale a. 


where the functions P and Q are analytic. It is seen that this inte- 
gral function has the terms of the sequence (6) for its roots, and the 
formula (10) is identical with the formula (3) established above. 
The same demonstration would apply also to integral functions hav- 
ing multiple roots. If a; is a multiple root of order 7, it would suffice 
to suppose that @(z) has the pole z = a; with a residue equal to 7. 
Let us try again to form a function analytic except for poles of 
the second order at all the points of the sequence (6), the princi- 
pal part in the neighborhood of the point a; being 1/(z — a;)”. We 
shall suppose that z = 0 is an ordinary point, and that the series 
3|1/a,;|* is convergent; it is clear that the series >| 1/a,|* will also 
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be convergent. Limiting the development of 1/(2 — @,)? in powers 
of z to its first term, we can write 


ui 1 Qaze-—-2 2a2-—2 
(CE OE ee ae 2? 
(e—a)? az a?(z—a,) af ( ES 5) 


and the series 
+o sl 

1 2a,2 — 2 

(11) $@)= > eas: 2— ay ab at - =) 

u a; 


satisfies all the conditions, provided it is uniformly convergent in 
every circle C described about the origin as center, neglecting a 
sufficient number of terms at the beginning. Now if we take only 
those terms of the series coming from the poles a; for which we have 
|a;| > R/a, R being the radius of the circle C and a a positive num- 
ber less than unity, the absolute value of (1 — 2/a,;)~? will remain 
less than an upper bound, and the series whose general term is 
2 2z/a} — z?/aj is absolutely and uniformly convergent in the circle C, 
by the hypotheses made concerning the poles a;. 


63. Cauchy’s method. If F(z) is a function analytic except for poles, 
Mittag-Leffler’s theorem enables us to form a series of rational terms 
whose sum F(z) has the same poles and the same principal parts 
as F(z). But it still remains to find the integral function which is 
equal to the difference F(z) — F,(). Long before Weierstrass’s work, 
Cauchy had deduced from the theory of residues a method by which 
a function analytic except for poles may, under very general condi- 
tions on the function, be decomposed into a sum of an infinite number 
of rational terms. It is, moreover, easy to generalize his method. 

Let F(z) be a function analytic except for poles and regular in the 
neighborhood of the origin; and let C,, C,,+--, C,,-+++ be an infinite 
succession of closed curves surrounding the point 2 = 0, not pass- 
ing through any of the poles, and such that, beginning with a value 
of n sufficiently large, the distance from the origin to any point what- 
ever of C,, remains greater than any given number. It is clear that 
any pole whatever of F(z) will finally be interior to all the curves 
Cny Cu4iy ***) provided the index n is taken large enough. The 


Re j 
definite integra ath ie F(z 2 
21 z—2 


where x is any point within C, different from the poles, is equal 
to F(x) increased by the sum of the residues of F(z)/(# — ) with 
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respect to the different poles of F(z) within C,. Let a, be one of 
these poles. Then the corresponding principal part G,[1/(« — a) ] is 
a rational function, and we have in the neighborhood of the point a, 


ear fe see py ace a a : 
F(2)= (@—4@)" a ” kaye! ; Fear ee ae a) + 


In the neighborhood of this point we can also write 
df yallecg., 1 p! al z2—-a@  (@-G)_ 


2-2 t—,—(2—a) lta, ie =,) (x — a,)° 


Writing out the product we see that the residue of F(z)/(z — @) 
with respect to the pole a, is equal to 


We have, then, the relation 





1 1 F(z) dz 
9 7 — G Gyo 
RL en sTOp Ste EP eee fe 


where the symbol = indicates a summation extended to all the poles a, 
within the curve ce On the other hand, we can replace 1/(z — x) by 
x \ yP af p+1 
Pia tu gah aba at (-) 


2—2X\2 








and write the preceding formula in the form 


i F(z)d 
F(a) =Ya(= aaa ieee SEL 
ame 
oe F(2) sla F (2) (y 
+o | pee tee | 2 z ia 


AL f Boe 





(13) 


The integral 
21 


is equal to F(0) increased by the sum of the residues of F(z) /z with 
respect to the poles of hae within C,. More generally, the definite 


integral 
wae ) dz 
ss Ti 


is equal to 


Fe-» Nes 
(r — 1)! 


plus the sum of the residues of 2~” F(z) with respect to the poles of 
F(z) within C,. Tf we represent by s?’-” the residue of aE) 
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relative to the pole a,, we can write the equation (13) in the form 


F(a)= FO) +5 FO)+ +--+ a F(0) 





(14) +> | «(; = at s© + sDa a waite + par] 
Ch 
4 Zs F(z) (2) "ae. 
2 Tt (cy % — @\% 


In order to obtain an upper bound for the last term, let us write 
it in the form ae 
wi 2 a 2) dz ' 
2m Jig, 2? z(%—2) 


Let us suppose that along C,, the absolute value of z2-? F(z) remains 
less than M, and that the absolute value of z is greater than 6 Since 
the number n is to become infinite, we may suppose that we have 
already taken it so large that 6 may be taken greater than |x|; hence 
along C, we shall have 





1 


wa 


cae 
8 — || 
If S, is the length of the curve C,, we have then 


a|Ptt S 


Flap per eas = lel) 


We shall have proved that this term R, approaches zero as n becomes 
infinite if we can find a sequence of closed curves C,,C,,-+-+,C,, - 
and a positive integer p satisfying the following conditions : 

1) The absolute value of z-? F(z) remains less than a fixed num- 
ber M along each of these curves. 

2) The ratio S,/8 of the length of the curve C, to the minimum 
distance 8 of the origin to a point of C, remains less than an upper 
bound Z as ” becomes infinite. 

If these conditions are satisfied, |#,,| is less than a fixed number 
divided by a number 8 —|x] which becomes infinite with n. The term 
R,, therefore approaches zero, and we have in the limit 








F(a)= FO)+ 2) ++ $5 FOO) 





(15) j 
+ lim >) | (5 = ai 8 + sMa oe. spar]. 


RS SCR 
Thus we have found a development of the function F(x) as a sum 
of an infinite series of rational terms. The order in which they oecur 
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in the series is determined by the arrangement of the curves 
Cy, Cy +++, Cyy+++in their sequence. If the series obtained is abso- 
lutely convergent, we can write the terms in an arbitrary order. 


Note. If the point z = 0 were a pole for F(z) with the principal 
part G(1/z), it would suffice to apply the preceding method to the 
function F(z) — G(1/z). 


64. Expansion of ctnx and of sinx. Let us apply this method to 
the function F(z) =ctn z—1/z, which has only poles of the first order 
at the points z = kar, where k is any integer different from zero, the 
residue at each pole being equal to unity. We shall take for the 
curve C,, a square, such as BCB'C', having the origin for center and 
having sides of length 27+ 7 parallel to the axes; none of the 
poles are on this boundary, and the ratio of the length S, to the 
minimum distance § from the origin to a point of the boundary 
is constant and equal to 8. The square of the absolute value of 
ctn (2 + yt) is equal to 

ee?” + e~2¥ ++ 2cos2ax 

e?” + e- 2” — 2 cos Qa 
On the sides BC and B'C' we have 
cos 2% =— 1, and the absolute value 
is less than 1. On the sides BB’ and 
CC' the square of this absolute value 
is less than 

ery + e474 2 1+e-2” 

Fic. 28 evte-w_—2 =) . 
We must replace 2y in this formula by + (2 +1)7, and the ex- 
pression thus obtained approaches unity when n becomes infinite. 
Since the absolute value of 1/z along C, approaches zero when 
becomes infinite, it follows that the absolute value of the function 
etn z — 1/z on the boundary C, remains less than a fixed number M, 


whatever n may be. Hence we can apply to this function the for- 
mula (15), taking p = 0. We have here 





F(0) = lim (aes) 0 
x=0 x Sina ; 


and sf, which represents the residue of (ctn z —1/z)/z for the pole 
kar, is equal to 1/kar. We have, then, 


(16) etn 2 — = sain (— ~+=); 


n=n0_ 
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where the value / = 0 is excluded from the summation. The infinite 
series obtained by letting m become infinite is absolutely convergent, 
for the general term can be written in the form 
i 1a x Deve! x 
z—ke | kw ke(kw— a) aoe a 
kar 





and the absolute value of the factor a/(1 — a/k7r) remains less than 
a certain upper bound, provided x is not a multiple of 7. We have, 
then, precisely 


Ps LAS 1 1 
(17) etna = a +2 ls Six +32): 


Integrating the two members of this relation along a path start- 
ing from the origin and not passing through any of the poles, we find 


© i gin x seo ( x > 
ile (cin —=) dx = Log( 7 )=S "Log 1-2 )+4, 


from which we derive 


. acl) x P= 
(18) sing = eEh (1 — =e : 





The factor e7@ is here equal to unity. If in the series (17) we combine the 
two terms which come from opposite values of k, we obtain the formula 


1 eel 
i tha =-+ 22 a 
(17’) ae eng > we ken 


Combining the two factors of the product (18) which correspond to opposite 
values of k, we have the new formula* 


: ae 
(187) sin x eel (1- aa) 
or, substituting +z for a, 


: +0 

SIN Wwe oy 

———_- = 2 neal hc 
T I1( z) 


Note 1. The last formule show plainly the periodicity of sinz, which does 
not appear from the power series development. We see, in fact, that (sin rz)/7 
is the limit as n becomes infinite of the polynomial 


bala) = (1-2) (1— Seg) agsl es sical og) 





nN n 





* This decomposition of sin z into an infinite product is due to Euler, who obtained 
it in an elementary manner (Introductio in Analysin infinitorum). 
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Replacing z by z + 1, this formula may be written in the form 


14+2 
gnlt +1) =— pala) "FF 


whence, letting n become infinite, we find sin (wz + 7) =— sin 7x, or 
sin (z + 7) =— sin z, 
and therefore sin (z + 27) = sinz. 
Note 2. In this particular example it is easy to justify the necessity of associ- 
ating with each binomial factor of the form 1 — z/a; a suitable exponential factor 


if we wish to obtain an absolutely convergent product. For definiteness let us 
suppose x real and positive. The series Zz/n being divergent, the product 


Py =0(1+5)--(14 2) 
1 m, 


becomes infinite with m, while the product 


Q = (1=2)(1-3) (1-5) 


approaches zero as n becomes infinite (I, § 177, 2d ed.). If we take m = n, the 
product PaQm has (sin wz)/m for its limit; but if we make m and n become 
infinite independently of each other, the limit of this product is completely in- 
determinate. This is easily verified by means of Weierstrass’s primary functions, 
whatever may be the value of z. Let us note first that the two infinite products 


+a x +2 x 

z\ -- z\ = 

F(x) =<] | (14 2)e ",  F,(e)=]] (1-2) er 
n=l n=1 


are both absolutely convergent, and their product F, (x) F,(z) is equal to (sin wa) /7. 
With these facts in mind, let us write the product P,,Q, in the form 


be ease Ne Lee hota een eee 
PO = |] (1+ Je TT (- =) aera treat A) 
v=1 v 


—. 


When the two numbers m and n become infinite, the product of all the fac- 
tors on the right-hand side, omitting the last, has F,(«) F(x) = (sin rz)/z for its 
limit. As for the last factor, we have seen that the expression 

J 1 1 1 

Lay Ghee Sie = GES - 
has for its limit log w, where w denotes the limit of the quotient m/n (I, § 161). 
The product P,Q, has, therefore, 

ee ex log w 
7 

for its limit. Hence we see the manner in which that limit depends upon the 
law according to which the two numbers m and n become infinite. 

Note 3. We can make exactly analogous observations on the expansion of ctn2. 
We shall show only how the periodicity of this function can be deduced from the 
series (17). Let us notice first of all that the series whose general term is 


A tue peli 1 
kn (k—-l)t kik—Do’ 


{II, § 65] ELLIPTIC FUNCTIONS 145 


where the index k takes on all the integral values from — w to + o, excepting 
k = 0, k =1, is absolutely convergent ; and its sum is — 2/z, as is seen on mak- 
ing k vary first from 2 to + 0, then from —1 to —o. We can therefore write 
the development of ctn« in the form 


1 1 ie Sn pigs! it 
ctneg =-+ —~+ sae Ss iS 
Cie Cte TT pa Eases 
where the values k = 0, k = 1 are excluded from the summation. This results 
from subtracting from each term of the series (17) the corresponding term of 


the convergent series formed by the preceding series together with the additional 
term 2/7. Substituting ¢ + 7 for z, we find 





cine wat 11S] : tana 
& f2430 @ py ax—(k—1l)r (k—1)4r ; 


or, again, 





1 +, 1 1 
CCE Se DD eamrer yaltaeanre | 


where k—1 takes on all integral values except 0. The right-hand side is 
identical with ctn a. 
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65. Periodic functions. Expansion in series. A single-valued analytic 
function f(z) is said to be periodic if there exists a real or complex 
number w such that we have, whatever may be z, f(# + o)= f(z); 
this number w is called 
a period. Let us mark 
in the plane the point 
representing , and let 
us lay off on the unlim- 
ited straight line pass- 
ing through the origin 
and the point wa length 
equal to | #| any number 
of times in both direc- 
tions. We obtain thus 
the points wo, 20, 30, 





oe, 2M, 9 ® and the 
points — w, — 20, +++, 
—nw, +--+. Through 


these different points 

and through the origin let us draw parallels to any direction differ- 
ent from Ow; the plane is thus divided into an infinite number of 
cross strips of equal breadth (Fig. 24). 
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If through any point 2 we draw a parallel to the direction Ow, we 
shall obtain all the points of that straight line by allowing the real 
parameter A in the expression z + Aw to vary from — « to + ». In 
particular, if the point z describes the first strip 4A'BB', the corre- 
sponding point z + will describe the contiguous strip BB'CC’, the 
point z + 2 will describe the third strip, and so on in this manner. 
All the values of the function f(z) in the first strip will be duplicated 
at the corresponding points in each of the other strips. 

Let LL' and MM' be two unlimited straight lines parallel to the 
direction Ow. Let us put uw = e?'*, and let us examine the region 
of the u-plane described by the variable w when the point z remains 
in the unlimited cross strip contained between the two parallels LL' 
and MM'. If a+ Bi isa point of LL’, we shall obtain all the other 
points of that straight line by putting ze = a + Bi + Aw and making 


r vary from — © to +. Thus, we have 


Qin A .a@+ Bi 
—— (a@ + Bi + Aw) oat 
w 2 id Or. 
We = € é ; 





hence, as A varies from — to + o , wu describes a circle C, having the 
origin for center. Similarly, we see that as z describes the straight line 
MM', uw remains on a circle C, concentiic with the first; as the point 
z describes the unlimited strip contained between the two straight 
lines LL', MM", the point uw describes the ring-shaped region contained 
between the two circles C,, C,. But while to any value of z there 
corresponds only one value of wv, to a value of w there correspond an 
infinite number of values of z which form an arithmetic progression, 
with the common difference w, extending forever in both directions. 

A periodic function f(z), with the period o, that is analytic in the 
infinite cross strip between the two straight lines LZ’, WM', is equal 
to a function $(w) of the new variable « which is analytic in the 
ring-shaped region between the two circles C, and C,. For although 
to a value of wv there correspond an infinite number of values of 2, 
ul these values of z give the same value to f(z) on account of its 
periodicity. Moreover, if w, is a particular value of w, and z, any 
corresponding value of z, that determination of z which approaches 
#, aS uw approaches w, is an analytic function of w in the neighbor- 
hood of w,; hence the same thing is true of $(w). We can therefore 
apply Laurent’s theorem to this function $(w). In the ring-shaped 
region contained between the two circles C,, C, this function is 
equal to the sum of a series of the following form: 

+e 


(uw) = pe A,u™. 


Mee — 0 
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Returning to the variable z, we conclude from this that in the in- 
terior of the cross strip considered above the periodic function f(z) 
is equal to the sum of the series 


2Qmits 


(19) F(2) =SAne* | 


If the function f(z) is analytic in the whole plane, we can suppose 
that the two straight lines LZ', MM', which bound the strip, recede 
indefinitely in opposite directions. Hvery periodic integral function 
is therefore developable in a series of positive and negative powers of 
e7' convergent for every finite value of z. 


66. Impossibility of a single-valued analytic function with three periods. By a 
famous theorem due to Jacobi, a single-valued analytic function cannot have 
more than two independent periods. To prove this we shall show that a single- 
valued analytic function cannot have three independent periods.* Let us first: 
prove the following lemma : 

Let a, b, c be any three real or complex quantities, and m, n, p three arbi- 
trary integers, positive or negative, of which one at least is different from zero. 
If we give to the integers m, n, p all systems of possible values, except 


10 yp a 


the lower limit of |ma + nb + pe| is equal to zero. 

Consider the set (Z) of points of the plane which represent quantities of the 
form ma+nb+ pe. If two points corresponding to two different systems of 
integers coincide, we have, for example, 

ma + nb + pe = ma + n,b + pC, 
and therefore 
(m— m,)a + (n— 24)b + (p — p,)e = 0, 

where at least one of the numbers m — m,, n— n,, Pp — p, is not zero. In this 
case the truth of the lemma is evident. If all the points of the set (Z) are dis- 
tinct, let 26 be the lower limit of |ma + nb + pce|; this number 24 is also the 
lower limit of the distance between any two points whatever of the set (#). In 
fact, the distance between the two points ma + nb + pe and ma + n,b + pyc is 
equal to |(m— m,)a+ (n—n,)6+(p—>p,)c|. We are going to show that we 
are led to an absurd conclusion by supposing 6 > 0. 

Let N be a positive integer ; let us give to each of the integers m, n, p one 
of the values of the sequence — N, —(N—1),---,0,--+, NW—1, N, and let 
us combine these values of m, n, p, in all possible manners. We obtain thus 
(2 N + 1)8 points of the set (#), and these points are all distinct by hypothesis. 
Let us suppose |a|2=|b| 2 |c|; then the distance from the origin to any one 
of the points of (#) just selected is at most equal to 3 N|a|. These points there- 
fore lie in the interior of a circle C of radius 8 N|a] about the origin as center 
or on the circle itself. If from each of these points as center we describe a 





* Three periods a, b, c are said to be dependent if there exist three integers m, n, p 
(not all zero) for which ma + nb + pe=0.— TRANS. 
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circle of radius 8, all these circles will be interior to a circle C, of radius equal 
to 3N|a|+ 8 about the origin as center, and no two of them will overlap, since 
the distance between the centers of two of them cannot be smaller than 26. The 
sum of the areas of all these small circles is therefore less than the area of the 
circle C,, and we have 
(8 N|a| + 5)2?>(2 N + 1)%8?, 

or 

3 N | a| 
(2N+1)?-1 


The right-hand side approaches zero as N becomes infinite ; hence this in- 
equality cannot be satisfied for all values of N by any positive number 6. 
Consequently the lower limit of |ma + nb + pe| cannot be a positive number ; 
hence that lower limit is zero, and the truth of the lemma is established. 

We see, then, that when no systems of integers m, n, p (except m = n= p = 0) 
exist such that ma + nb + pe = 0, we can always find integral values for these 
numbers such that |ma + nb + pe| will be less than an arbitrary positive num- 
ber e. In this case a single-valued analytic function f(z) cannot have the three 
independent periods a, b,c. For, let z) be an ordinary point for f(z), and let 
us describe a circle of radius e about the point z) as center, where e is so 
small that the equation f(z) = f(z) has no other root than z = Z, inside of this 
circle (§ 40). If a, b,c are the periods of f(z), it is clear that ma + nb + pe is 
also a period for all values of the integers m, n, p; hence we have 


F (% + ma + nb + pc) =f (2%). 
If we choose m, n, p in such a manner that |ma + nb+ pc| is less than e, the 
equation f(z) = f(z) would have a root z, different from z), where |z, — Z)|<e, 
which is impossible. 
When there exists between a, b, ¢ a relation of the form 


6< 


(20) ma + nbd + pe = 0, 


without all the numbers m, n, p being zero, a single-valued analytic function 
f(z) may have the periods a, b, c, but these periods reduce to two periods or to 
a single period. We may suppose that the three integers have no common divisor 
other than unity. Let D be the greatest common divisor of the two numbers 
m,n; m= Dm’,n= Dn’. Since the two numbers m’, n’ are prime to each other, 
we can find two other integers m”, n” such that m’/n’” — mn’ = 1. Let us put 


ma+ nb = a’, m’a+n’b=d’; 


then we shall have, conversely, a = na’ — n’b’, b = m’/b’— ma’. If a and 6 are 
periods of f(z), a’ and b’ are also, and conversely. Hence we can replace the 
system of two periods a and b by the system of two periods a’ and b’. The re- 
lation (20) becomes Da’ + pc =0; D and p being prime to each other, let us 
take two other integers D’ and p’ such that Dp’ — D’p =1, and let us put 
D’a’ + p’c=c’. We obtain from the preceding relations a’ =— PCO) DCG 


whence it is obvious that the three periods a, b, c are linear combinations of the 
two periods 0’ and c’. 


Note. As a corollary of the preceding lemma we see that if a@ and B are two 
real quantities and m, n two arbitrary integers (of which at least one is not zero), 
the lower limit of |ma@ + ng! is equal to zero, For if we puLa= a, = B.o=4, 
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the absolute value of ma + nB + pi can be less than a number e <1 only if we 
have p = 0, |ma +nB8|<e. From this it follows that a single-valued analytic 
function f(z) cannot have two real independent periods a and 8. If the quotient 
8/a is irrational, it is possible to find two numbers m and n such that |ma + ng| 
is less than e, and it will be possible to carry through the reasoning just as 
before. If the quotient 8/a is rational and equal to the irreducible fraction m/n, 
let us choose two integers m’ and n’ such that mn’ — m’n = 1, and let us put 
ma—nB=y. The number y is also a period, and from the two relations 
ma—nBp=0, m’a—n’B =v we derive a=— ny, 8 =— my, so that @ and B 
are multiples of the single period y. More generally, a single-valued analytic 
function f(z) cannot have two independent periods a and b whose ratio is real, 
for the function f(az) would have the two real periods 1 and b/a.* 


67. Doubly periodic functions. A doubly periodic function is a 
single-valued analytic function having two periods whose ratio is 
not real. To conform to Weierstrass’s notation, we shall indicate the 
independent variable by wu, the two periods by 2 and 2!, and we 
shall suppose that the coefficient of ¢ in w'/w is positive. Let us 
mark in the plane the points 2, 4, 6,--+ and the points 2 o’, 
4', 60',..-. Through the points 2 mw let us draw parallels to the 





Fig. 25 


direction Ow', and through the points 2 m'w!' parallels to the direc- 
tion Ow. The plane is divided in this manner into a net of 
congruent parallelograms (Fig. 25). Let f(w) be a single-valued 
analytic function with the two periods 2, 2w'; from the two 
relations f(u + 2w)=f(u), f(w+20')=f(u) we deduce at once 





* It is now easy to prove that there exists for any periodic single-valued function 
at least one pair of periods in terms of which any other period can be expressed as an 
integral linear combination ; such a pair is called a primitive pair of periods. —TRANS. 
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f(u+2 mo + 2m'o') = (uw), so that 2mw + 2m'w' is also a period 
for all values of the integers m and m'. We shall represent this 
general period by 2. 

The points that represent the various periods are precisely the 
vertices of the preceding net of parallelograms. When the point w 
describes the parallelogram 0A BC whose vertices are 0, 20, 20+ 20’, 
2w', the point u+2w describes the parallelogram whose vertices 
are the points 2w, 2w +20, 2w+2w+2o', 2w+2w', and the 
function f(w) takes on the same value at any pair of corresponding 
points of the two parallelograms. Every parallelogram whose ver- 
tices are four points of the type w,, u, +20, u,+2o0',u,+20+4+20' 
is called a parallelogram of periods ; in general we consider the 
parallelogram OABC, but we could substitute any point in the plane 
for the origin. The period 2 +2! will be designated for brevity 
by 2"; the center of the parallelogram 0A BC is the point w”, while 
the points » and wo! are the middle points of the sides OA and OC. 

Every integral doubly periodic function is a constant. In fact, let 
f(w) be a doubly periodic function ; if it is integral, it is analytic in 
the parallelogram OABC, and the absolute value of f(w) remains 
always less than a fixed number in this parallelogram. But on 
account of the double periodicity the value of f(«) at any point of the 
plane is equal to the value of f(w) at some point of the parallelogram 
OABC. Hence the absolute value of f(w) remains less than a fixed 
number M. It follows by Liouville’s theorem that f(w) is a constant. 


68. Elliptic functions. General properties. It follows from the pre- 
ceding theorem that a doubly periodic function has singular points 
in the finite portion of the plane, unless it reduces to a constant. 
The term elliptic function is applied to functions which are doubly 
periodic and analytic except for poles. In any parallelogram of 
periods an elliptic function has a certain number of poles; the num- 
ber of these poles is called the order of the function, each being 
counted according to its degree of multiplicity *. It should be noticed 
that if an elliptic function f(w) has a pole w, on the side OC, the 
point w, + 2, situated on the opposite side AB, is also a pole; but 
we should count only one of these poles in evaluating the number 
of poles contained in OABC. Similarly, if the origin is a pole, all the 





*It is to be understood that the parallelogram is so chosen that the order is as 
small as possible. Otherwise, the number of poles in a parallelogram could be taken to 
be any multiple of this least number, since a multiple of a period is a period. — TRANS. 
(See also the footnote, p. 149.) 
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vertices of the net are also poles of f(u), but we should count only 
one. of them in each parallelogram. If, for example, we move that 
vertex of the net which lies at the origin to a suitable point as near 
as we please to the origin, the given function f(w) no longer has 
any poles on the boundary of the parallelogram. When we have occa- 
sion to integrate an elliptic function f(w) along the boundary of the 
parallelogram of periods, we shall always suppose, if it is necessary, 
that the parallelogram has been displaced in such a way that f(w) 
has no longer any poles on its boundary. The application of the 
general theorems of the theory of analytic functions leads quite 
easily to the fundamental propositions : 


1) The sum of the residues of an elliptic function with respect 
to the poles situated in a parallelogram of periods is zero. 
Let us suppose for definiteness that f(w) has no poles on the 


boundary OABCO. The sum of the residues with respect to the poles 
situated within the boundary is equal to 


1 C 
all (w) du, 


the integral being taken along OABCO. But this integral is zero, for 
the sum of the integrals taken along two opposite sides of the paral- 
lelogram is zero. Thus we have 


S(w)du= Fa) du, f f(u)du = : St (u) du, 


(OA) BC) 20+ 2w7 


and if we substitute w+ 2! for u in the last integral, we have 


Fin =f fut 2odu=f fdu=— fi fwd 


(OA) 


(BC) 


Similarly, the sum of the integrals along AB and 
along CO is zero. In fact, this property is almost 
self-evident from the figure (Fig. 26). For let us 
consider two corresponding elements of the two inte- 
grals along OA and along BC. At the points m and 
m!' the values of f(w) are the same, while the values 
of du have opposite signs. 

The preceding theorem proves that an elliptic func- Fic. 26 
tion f(«) cannot have only a single pole of the first 
order in a parallelogram of periods. An elliptic function is at least 
of the second order. 
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2) The number of zeros of an elliptic function in a parallelogram 
of periods is eyual to the order of that function (each of the zeros 
being counted according to its degree of multiplicity). 


Let f(w) be an elliptic function ; the quotient /"(w)/f(w) = $(w) 1s 
also an elliptic function, and the sum of the residues of ¢ (w) in a par- 
allelogram is equal to the number of zeros of f(w) diminished by the 
number of the poles (§ 48). Applying the preceding theorem to the 
function $(w), we see the truth of the proposition just stated. In gen- 
eral, the number of roots of the equation f(w) = C in a parallelogram 
of periods is equal to the order of the function, for the function 
J(u) — C has the same poles as f(w), whatever may be the constant C. 


3) The difference between the sum of the zeros and the sum of the 
poles of an elliptic function in a parallelogram of periods is equal to 
a period. 


Consider the integral 





2 Ti 


: u ike, du 
Fa) 


along the boundary of the parallelogram OABC. This integral is 
equal, as we have already seen (§ 48), to the sum of the zeros of (2) 
within the boundary, diminished by the sum of the poles of f(w) 
within the same boundary. Let us evaluate the sum of the integrals 
resulting from the two opposite sides OA and BC: 


fn uN, si U LM ) L 
0 S(@) a ce J(u) ae ; 


If we substitute w + 2! for w in the last integral, this sum is equal to 


yt) u ; Uu 2 w! Pu + 20) 2 w! 
i F(w) a + fC % ) Fa + Del) tp 


or, on account of the periodicity of f(w), to 


m9 ip ee 
if 7) du 


°° Fe) 
ome i 


is equal to the variation of Log[f(w)] when w describes the side OA; 
but since f(w) returns to its initial value, the variation of Log[ f(w)] 
is equal to — 2m,7i, where m, is an integer. The sum of the inte- 
grals along the opposite sides OA and BC is therefore equal to 


The integral 


U 
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(Am,riw')/2 ri = 2m,v'. Similarly, the sum of the integrals along 
AB and along CO is of the form 2m. The difference considered 
above is therefore equal to 2m,w + 2m,w'; that is, to a period. 

By a similar argument it can be shown that the proposition is 
also applicable to the roots of the equation f(w)=C, contained in a 
parallelogram of periods, for any value of the constant C. 


4) Between any two elliptic functions with the same periods there 
exists an algebraic relation. 


Let f(~), f,\(%) be two elliptic functions with the same periods 
2w, 2o', In a parallelogram of periods let us take the points a,, 
@y)++*, &, Which are poles for either of the two functions f(w), 
f,(4) or for both of them; let; be the higher order of multi- 
plicity of the point a, with respect to the two functions, and let 
BH, +H t+ ++ +h, = N. Now let F(a, y) be a polynomial of degree n 
with constant coefficients. If we replace x and y by f(w) and f,(w), 
respectively, in this polynomial, there will result a new elliptic func- 
tion @(w) which can have no other poles than the points a,, a,,+--,a,, 
and those which are deducible from them by the addition of a period. 
In order that this function ®(w) may reduce to a constant, it is 
necessary and sufficient that the principal parts disappear in the 
neighborhood of each of the points a,, @,,++-, @,. Now the point a; 
is a pole for (uw) of an order at most equal to nu; Writing the con- 
ditions that all the principal parts shall be zero, we shall have then, 
in all, at most Prete pee 
linear homogeneous equations between the coefficients of the poly- 
nomial F(x, y) in which the constant term does not appear. There 
are n(n + 3)/2 of these coefficients; if we choose n so large that 
n(n+3)>2Nn, or n4+3> 2N, we obtain a system of linear 
homogeneous equations in which the number of unknowns is greater 
than that of the equations. Such equations have always a system of 
solutions not all zero. If F(a, y) is a polynomial determined by 
these equations, the elliptic functions f(w), f,(v) satisfy the algebraic 


relation ; 
F(f(%) AMI = ¢; 
where C denotes a constant. 


Notes. Before leaving these general theorems, let us make some 
further observations which we shall need later. 

A single-valued analytic function f(w) is said to be even if we 
have f(— vu) = f(w); itis said to be odd if we have f(— wv) =— f(x). 
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The derivative of an even function is an odd function, and the 
derivative of an odd function is an even function. In general, the 
derivatives of even order of an even function are themselves even 
functions, and the derivatives of odd order are odd functions. On 
the contrary, the derivatives of even order of an odd function are 
odd functions, and the derivatives of odd order are even functions. 

Let f(u) be an odd elliptic function; if w is a half-period, we 
must have at the same time f(w)=— f(— w) and f(w)=f(— wv), 
since w=—w+2w. It is necessary, then, that f(w) shall be zero 
or infinite, that is, that w must be a zero or a pole for f(w). The order 
of multiplicity of the zero or of the pole is necessarily odd; if w 
were a zero of even order 2 for f(w), the derivative f°” (w), which 
is odd, would be analytic and different from zero for w=w. If w 
were a pole of even order for f(w), it would be a zero of even order 
for 1/f(w). Hence we may say that every half-period is a zero or a 
pole of an odd order for any odd elliptic function. 

If an even elliptic function f(w) has a half-period w for a pole or 
for a zero, the order of multiplicity of the pole or of the zero is an 
even number. If, for example, w were a zero of odd order 2n +1, it 
would be a zero of even order for the derivative f'(w), which is an 
odd function. The proof is exactly similar for poles. Since twice a 
period is also a, period, all that we have just said about half-periods 
applies also. to the periods themselves. 


69. The function p(v). We have already seen that every elliptic 
function has at least two simple poles, or one pole of the second order, 
in a parallelogram of periods. In Jacobi’s notation we take func- 
tions having two simple poles for our elements; in Weierstrass’s 
notation, on the contrary, we take for our element an elliptic func- 
tion having a single pole of the second order in a parallelogram. 
Since the residue must be zero, the principal part in the neighbor- 
hood of the pole.a must be of the form 4 /(u—a)’. In order to 
make the problem completely definite, it suffices to take 4 = 1 and 
to suppose that the poles of the function are the origin w = 0 and 
all the vertices of the network 2w = 2mwo-+2m'w'. We are thus 
led first to solve the following problem: 


To form cn elliptic function having as poles of the second order all 
the points 2w = 2mw + 2m'o!,'where m and m' are any two integers 
whatever, and having no other poles, so that the principal part in the 
neighborhood of the point 2 shall be 1/(u — 2w)?. 
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Before applying to this problem the general method of § 62, we shall 
first prove that the double series 


1 
il ‘———— 
Cy 21 mo + wel 
where m and m!' take on all the integral values from — © to + 
(the combination m = m' = 0 being excepted), is convergent, provided 
that the exponent pw is a positive number greater than 2. Consider the 
triangle having the three pomts uv = 0, u = mo, u = mw + m'o!' for 
its vertices; the lengths of the three sides of the triangle are respec- 
tively |mo|, |m'o!'|, |mw + m'w'|. We have, then, the relation 
[mw + m'o! |? = m?|o|? + m™\o'|? + 2mm'| wo! |cos 0, 
where @ is the angle between the two directions Ow, Ow'(0 <<6< 7). 
For brevity let |w|= a, |w'|=, and let us suppose a=. The pre- 
ceding relation can then be written in the form 
|mw + m'o' |? = ma? + m?U? £ 2mm'ab cos ®, 
where the angle @ is equal to 6 if @S7/2, and to m — 6 if 6>7/2. 
The angle ® cannot be zero, since the three points 0, w, w! are not in 
a straight line, and we have 0 = cos@<1. We have, then, also 
|mw + m'w!? = (1 — cos @) (m?a? + mb’) + cos @(ma + m'b)*, 
and consequently | 
|mw + m'w! |? = (1 — cos @) (m?a? + mb?) = (1 — cos @) a? (m? +m"). 
From this it follows that the terms of the series (21) are respectively 
less than or equal to those of the series 3'1/(m? + m")*? multiplied 
by a constant factor, and we know that the last series is convergent 
if the exponent w/2 is greater than unity (I, §172). Hence the 
series (21) is convergent if we put w=3 or w= 4. According to a 
result derived in § 62, the series ‘ 


1 i 1 Lf 
A) = ah Dy eo b (w= mo + me), 


represents a function that is analytic except for poles, and that has 
the same poles, with the same principal parts, as the elliptic function 
sought. We shall show that this function ¢(w) has precisely the two 
periods 2 and 2!. Consider first the series 


5 1 Salk 

(2w+2)? (2Qw)?|’ 

where 2w = 2mw + 2m'w', the summation being extended to all the 
integral values of m and m!,’except the combinations m = m' = 9 
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and m=—1, m'=0. This series is absolutely convergent, for it 
results from the series ¢(w) when we substitute — 2 for w and 
omit two terms. It is easily seen that the sum of this series is zero 
by considering it as a double series and evaluating separately each 
of the rows of the rectangular double array. Subtracting this series 
from ¢(w), we can then write 


iI 1 1 " 1 1 
Wie aaah (w+ ai Tet ty ie 20) Gol 


the combinations (m= m'=0), (m=—1, m'=0) being always 
excluded from the summation. Let us now change w to u— 20; 
then we have 


1 1 1 
PU 2s) — 2w)? ees 


the combination m =—1, m'= 0 being the only one excluded from 
the summation. But the right-hand side of this equality is identical 
with ¢(w). This function has therefore the period 2, and in like 
manner we can prove that it has the period 2w’. This is the func- 
tion which Weierstrass represents by the notation p(w), and which 
is thus defined by the equation 


(22) p(u)= ‘ Sea == rat (w= mw + m'w'). 


If we put w = 0 in the difference p(w) — 1/w*, all the terms of the 
double sum are zero, and that difference is itself zero. The function 
p(u) possesses, then, the following properties : 

1) It is doubly periodic and has for poles all the points 2 and 
only those. 

2) The principal part in the neighborhood of the origin is 1/u?. 

3) The difference p(w) —1/u? is zero for u = 0. 

These properties characterize the function p(w). In fact, any analy- 
tic function f(w) possessing the first’ two properties differs from p(w) 
only by a constant, since the difference is a doubly periodic func- 
tion without any poles. If we have also f(uw) —1/u?=0 for u=0, 
f(u) — p(%) 1s also zero for w= 0; we have, therefore, f(w) = p(w). 

The function p(— w) evidently possesses these three properties ; 
we have, then, p(— w)= p(w), and the function p(w) is even, which 
is also easily seen from the formula (22). 

Let us consider the period of p(w) whose absolute value is smallest, 
and let 8 be its absolute value. Within the circle C, with the radius 
8. described about the origin as center, the difference p(w) — 1/w? is 
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analytic and can be developed in positive powers of wu. The general 
term of the series (22), developed in powers of u, gives 


1 ik Qu 37 (n+1)u" 





@—2wt tut Que? Qu tt @wpre t 
and it is easy to prove that the function 
3 
16) w| ee a 


dominates this series in a circle of radius 6/2, and, a fortiori, the 
expression obtained from it by replacing 1— u/|w| by 1—2u/8 
dominates the series. Since the series 3'1/|w/? is convergent, we 
have the right to add the resulting series term by term (§ 9). The 
coefficients of the odd powers of wu are zero, for the terms resulting 
from periods symmetrical with respect to the origin cancel, and we 
can write the development of p(w) in the form 


(23) p(u)= - + eu? + ¢ut +... + eur 94 ..., 


where 


he od 7 a) 
= 38> Bay? = OD Ga fee, 
1 
4 =@4—) > Gia 


Whereas the formula (22) is applicable to the whole plane, the new 
development (23) is valid only in the interior of the circle C; hay- 
ing its center at the origin and passing through the nearest vertex 
of the periodic network. 

The derivative p'(w) is itself an elliptic function having all the 
points 2w for poles of the third order. It is represented in the 
whole plane by the series ‘5 jr 

! 
In general, the nth derivative p™(w) is an elliptic function having 
all the points 2 for poles of order n + 2, and it is represented by 
the series 


(24) 


e ,(r+1)! ‘ ' 1 
(By pP@y=(2 ta > aes, 
We leave to the reader the verification of the correctness of these 
developments, which does not present any difficulty in view of the 
properties established above ($§ 39 and 61), 
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70. The algebraic relation between p(u) and p'(u). By the general 
theorem of § 68 there exists an algebraic relation between p(w) and 
p'(u). It is easily obtained as follows: In the neighborhood of the 
origin we have, from the formula (23), 


2 
piuy=— a + Zou t+ deui +++, 


4 80, 

(PCO) omens Pelee oe, 
1 38e : 

[P@ Pasta + sq + i 


where the terms of the series not written are zero for u=0. The 
difference p(w) — 4,p*(w) has therefore the origin as a pole of the 
second order, and in the neighborhood of this point we have 


2 
p(w) — 4p(w)=— me = 2s Cte, 





where the terms not written are zero for « = 0. 

Hence the elliptic function — 20 ¢,p(w) — 28 ¢, has the same poles, 
with the same principal parts, as the elliptic function p? — 4 p*, and 
their difference is zero when w = 0. These two elliptic functions are 
therefore identical, and we have the desired relation, which we shall 
write in the form 


(27) [P'C) P= 4p?) — 9.P(Y) — Fp 


where 
, Th 4 ! 1 . 
In = 20 = 60> (=) ’ I, = 28 C= 140 (=) F 


The relation (27) is fundamental in the theory of elliptic func- 
tions; the quantities y, and g, are called the invariants. 

All the coefficients ¢, of the development (23) are polynomials in 
terms of the invariants g, and g,. In fact, taking the derivative of 
the relation (27) and dividing the result by 2p'(w), we derive the 
formula 


(28) p'(u) = 6 p'(u)— B. 
On the other hand, we have in the neighborhood of the origin 


6 
piu) = a+ Qe, + 126u? + +--+ (2A— 2)(2A — B)e,wPA-4# 4... 
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Replacing p(w) and_p"(w) by their developments in the relation 
(28), and remembering that (28) is satisfied identically, we obtain 
the recurrent relation 


3 
N= GREDOLH Ve P=B8 4 A—2I 


which enables us to calculate step by step all the coefficients ¢, in 
terms of ¢, and ¢,, and consequently in terms of g, and g,; we find 
thus 

92 Argct 3929s ' 
a Se seenianiGae wl 
This computation brings out the remarkable algebraic fact that all 
the sums 3'1/(2 w)?" are expressible as polynomials in terms of the 
first two. 

We know a priori the roots of p'(w). This function, being of the 
third order, has three roots in each parallelogram of periods. Since 
it is odd, it has the roots w=, u=w', u =o" = w + o! (§ 68, notes). 
By (27) the roots of the equation 4 p® — g,p — g, = 0 are precisely 
the values of p(w) for w= , w', w'. These three roots are ordinarily 


represented by ¢,, €,, €: 


(ps 


ORB a7 


2? 
€,= p(), €, = po’), 6: ==.)(o.). 

These three roots are all different ; for if we had, for example, e, = e,, 

the equation p(u)= e, would have two double roots w and o! in the 

interior of a parallelogram of periods, which is impossible, since p(w) 

is of the second order. Moreover, we have 


4 p*(u) — 9.P %) —9, = 4[P(@) — 4] IP @ — &][P@) — 4], 
and between the invariants g,, g, and the roots ¢,, e,, e, we have the 
relations 


SEs __ 93 
é,+¢,+6=9, 0,0, + Oe + 6,8 = ne C1620 = 4" 


The discriminant (93 — 27 g3)/16 is necessarily different from zero. 


71. The function ¢(u). If we integrate the function p(w)—1/wv 
along any path whatever starting from the origin and not passing 
through any pole, we have the relation 


u 1 ; 1 1 u 
if [Pon “a |e =-> E —2w ee ti asl 


The series on the right represents a function which is analytic 
except for poles, having all the points v= 2w, except uw = 0, for 
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poles of the first order. Changing the sign and adding the frac- 
tion 1/u, we shall put 


@) t= 5+) tae t owl 


The preceding relation can be written 


(30) f[ |po- al du=— (wu) +=) 


and, taking the derivatives of the two sides, we find 


(31) f'(u) =— p(w). 
It is easily seen from either one of these formule that the function 
f(w) is odd. In the neighborhood of the origin we have by (23) 
and (30), 
_1_ 4% 3_ %,5 
SCA esr ae pel ae ve 
The function £() cannot have the periods 2 w and 2 w’, for it would 
have only one pole of the first order in a parallelogram of periods. 
But since the two functions ¢ (w + 2 w) and ¢(u) have the same deriva- 
tive — p(w), these two functions differ only by a constant ; hence the 
function (a) increases by a constant quantity when the argument 
increases by a period. It is easy to obtain an expression for this con- 
stant. Let us write, for greater clearness, the formula (30) in the form 


Wego oe ees 


Changing w to vw + 2 and subtracting the two formule, we find 


u+t2w 
C(u+2o0)—lw= Zip p(v) dv. 
We shall put ; 


u+2e ue 2er 
29 = aif p(v)dv, 27'= -f p(v)dv. 


Then y and 7! are constants independent of the lower limit « and of 
the path of integration. This last point is evident a priori, since all 
the residues of p(v) are zero. The function {(w) satisfies, then, the 
two relations 


Clu + 20) = C(uv)+ 2n, {(u + 2 w!) = E(u) + 2y!. 
If we put in these formule w=—w and u=-— o! respectively, we 
find » = C(o), 9! = £(w'). 


Il, § 71] ELLIPTIC FUNCTIONS 161 


There exists a very simple relation between the four quantities «, 
w', 9, 9’. To establish it we have only to evaluate in two ways the 
integral f{(w)du, taken along the parallelogram whose vertices are 
Uy) Uy + 2o, U, + 20+ 2', u,+2'. We shall suppose that £(x) 
has no poles on the boundary, and that the coefficient of ¢ in !/e is 
positive, so that the vertices will be encountered in the order in 
which they are written when the boundary of the parallelogram is 
described in the positive sense. There is a single pole of £(~) in the 
interior of this boundary, with a residue equal to +1; hence the 
integral under consideration is equal to 27. On the other hand, by 
§ 68 the sum of the integrals taken along the side joining the vertices 
U) Uy + 2w and along the opposite side is equal to the expression 


Uy t+ 2w 
if [f(u)— €(u + 20!) ]du =— 4 on!. 


Similarly, the sum of the integrals coming from the other two sides 
is equal to 4.'y. We have, then, 


(32) w'n — wy! = no 


which is the relation mentioned above. 
Let us again calculate the definite integral 


u+2w 
F(u)= Je f(v) dv, 
taken along any path whatever not passing through any of the poles. 
a F'(u) = €(u + 20) — (uw) = 24, 
so that F(z) is of the form F(w)= 2 nu + K, the constant K being 
determined except for a multiple of 2 7, for we can always modify 
the path of integration without changing the extremities in such a 


way as to increase the integral by any multiple whatever of 2 77, 
To find this constant K let us calculate the definite integral 


f[eo-F]e 


along a path very close to the segment of a straight line which joins 
the two points w and — w. This integral is zero, for we can replace the 
patn of integration by the rectilinear path, and the elements of 
the new integral cancel in pairs. But, on replacing « by — w in the 
expression which gives F(u), we have 


+u 
ifs 2(v)dv = — 2 nw + K, 


—wW 
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and since we have also 


we can take K = 2 yw + mi. Hence, without making any supposition 
as to the path of integration, we have, in general, 


u+2a 
(33) ae C(v)dv = 2y(u + wo) + (2m +1) 7i, 


where m is an integer, and we have an analogous formula for the 
integral ["*?°°C(v) dv. 


72. The function o(u). Integrating the function (uv) — 1/u along 
uny path starting from the origin and not passing through any pole. 
we have 


[| a “| =>’ | Lox(1 72 va) oa + oar 


and consequently 


Hi [« ato , Yi an ha 

¢ uy—- u : = : 

(34) eso ul = w| | (1 = 5a) (Did REITs 
2W 





The integral function on the right is the simplest of the integral 
functions which have all the periods 2w for simple roots; it is the 
function o (7): 


(35) o(u)= v1 (1 ~ s)e Bot a 
The equality (34) can be written 


u 1 
(34') o(w) = a [40-5], 
whence, taking the ive derivative of both sides, we obtain 
o o'(u) _ et on 
(38) o(u) wu at o(w) U oe? 


The function o(w), being an ogee function, cannot be doubly 
periodic. When its argument increases by a period, it is multiplied 
by an exponential factor, which can be determined as follows : 

From the formula (34') we have 


a(u +2) _uU+t2e ght [sr 5}, fe seman, 
a (w) u 
This factor was calculated in § 71, whence we find 


(37) o(u + 2 «) = CN ad isan heh 8 (7 = — p21U+O) (u). 


Ill, § 73} ELLIPTIC FUNCTIONS 168 


It is easy to establish in a similar manner the relation 

(38) o(u + 20!) = — FYOTMe(u), 

From either of the formule (35) or (34') it follows that o(w) is 
an odd function. 

If we expand this function o(w) in powers of u, the expansion 
obtained will be valid for the whole plane. It is easy to show that 
all the coefficients are polynomials in g, and g,. For we have 


. i C, ¢ ¢ 
—=|du =— —* ot — 2 of —.... —- —__ 4+ yr 
if [ze | Ll ony Gana oy 2rQA—1)” 
cg 
o(u) = we 
We see that there is no term in wu? and that any coefficient is a 
polynomial in the ¢,’s and therefore in the invariants g, and g,; 
the first five terms are as follows: 


5 il 
(39) o(u)=u pes ne ro Be en ea sah 
The three functions p(w), (wv), «(w) are the essential elements of 
the theory of elliptic functions. The first two can be derived from 
o(u) by means of the two relations {(w) = o'(u)/o(u), p(u) =— E(u). 


73. General expressions for elliptic functions. Every elliptic function 
J(u) can be expressed in terms of the single function o(w), or again 
in terms of the function ¢(w) and of its derivatives, or finally in 
terms of the two functions p(w) and p'(w). We shall present con- 
cisely the three methods. 


Method 1. Expression of f(u) in terms of the function o(u). Let 
4) %, +++, a, be the zeros of the function f(w) in a parallelogram of 
periods, and 4,, 6,,---, 6, the poles of f(w) in the same parallelogram, 
each of the zeros and each of the poles being counted as often as is 
required by its degree of multiplicity. Between these zeros and poles 
we have the relation 


(40) a,ta,t---+4a,=6,4+6,+---+5,4+20, 
where 22 is a period. ; Cy 
Let us now consider the function 
o(u—a,)---o(u—a, 


$(u) = o(w—b,)---o(u—b,—20). 


This function has the same poles and the same zeros as the function 
Ff («), for the only zeros of the factor «(wu — a@;) are uw =a; and the 
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values of u which differ from a; only by a period. On the other hand, 
this function ¢(w) is doubly periodic, for if we change w to u + 2a, 
for example, the relation (37) shows that the numerator and the 
denominator of ¢(w) are multiplied respectively by the two factors 


(- db Rea rn hes ng ama 5 (- Arete tne obra arg See O), 


and these two factors are equal, by (40). Similarly, we find that 
$(u+2')=¢(u). The quotient f(w)/p(u) is therefore a doubly 
periodic function of « having no infinite values; that is, it is a 
constant, and we can write 


Meri sc eee) 


o(u—b)o(u—b,)---o(u —6, — 20) 


To determine the constant C it is sufficient to give to the variable w 
any value which is neither a pole nor a zero. 

More generally, to express an elliptic function f(w) in terms of 
the function o(w), when we know its poles and its zeros, it will suf- 
fice to choose n zeros (ay, az,---,@,) and n poles (0, b3,---, b,) in 
such a way that Sa; = 2; and that each root of f(w) can be obtained 
by adding a period to one of the quantities aj, and each pole by 
adding a period to one of the quantities b;. These poles and zeros 
may be situated in any way in the plane, provided the preceding 
conditions are satisfied. 


Method 2. Expression of f(u) in terms of the function £ and of its 
derivatives. Let us consider k poles a,, a,, +++, a, of the function f(w) 
such that every other pole is obtained by adding a period to one 
of them. We could take, for example, the poles lying in the same 
parallelogram, but that is not necessary. Let 

AW A® 


A® 
be 
u—a;, (u—a,)? 


; F (u =, a)" 





aa 


be the principal part of f(w) in the neighborhood of the point a,. 
The difference 


Fw) YAP Ewe = a) — APe w= a) 


ap Ge 1 al (m—1) 

Gracin (é (u — a) | 
is an analytic function in the whole plane. Moreover, it is a doubly 
periodic function, for when we change u to « + 2, this function is 


increased by — 2 43%4{?, which is zero, since 34{ represents the sum 
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of the residues in a parallelogram. That difference is therefore a 
constant, and we have 


Fw = C+D | APE (u— a) — AP EU — a) 
(42) ts A (t) 
+ De Gay te re — ao} 


The preceding formula is due to Hermite. In order to apply it we 
must know the poles of the elliptic function f(w) and the corre- 
sponding principal parts. Just as formula (41) is the analogon of the 
formula which expresses a rational function as a quotient of two 
polynomials decomposed into their linear factors, the formula (42) 
is the analogon of the formula for the decomposition of a rational 
fraction into simple elements. Here the function {(u — a) plays the 
part of the simple element. 


Method 3. Expression of f(u) in terms of p(u) and of p'(u). Let 
us consider first an even elliptic function f(w). The zeros of this 
function which are not periods, are symmetric in pairs. We can 
therefore find n zeros (a,, a,,--+, @,) such that all the zeros except 
the periods are included in the expressions 


Be On 2 0, 2 ye ey et 2 


We shall take, for example, the parallelogram whose vertices are 
o + o', wo! — wo, — w — o', » — o' and the zeros in this parallelogram 
lying on the same side of a straight line passing through the origin, 
carefully excluding half the boundary in a suitable manner. If a 
zero a; is not a half-period, it will be made to appear in the sequence 
1) Gy) +++, @, as Often as there are units in its degree of multiplicity. 
If the zero a,, for example, is a half-period, it will be a zero of even 
order 2r (§ 68, notes). We shall make this zero appear only 7 times 
a,. With this understanding, the product 


n 


in the sequence @,, @,,--:, 


[p(%) — P(4,) TP @ — P(@)] + (PC) — Pn) 


has the same zeros, with the same orders, as f(w), excepting the case 
of f(0)= 0. Similarly, we shall form another product, 


[p(~) — p@) [Pp — P.)] >> (PO) — Pn) I, 
having the poles of f(w) for its zeros and with the same orders, 
again not considering the end points of any period. Let us put 
yas = P(am)}[P(@ = P(@2)] + - [PM — PG, 
tpt) ~- p(S) [Pp %) — pO] pw) =P bn)’ 
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the quotient f(w)/¢(w) is an elliptic function which has a finite 
value different from zero for every value of u which is not a period. 
This elliptic function reduces to a constant, for it could only have 
periods for poles; and if it did, its reciprocal would not have any 
poles. We have, then, 


peay = ¢ POD = Pap) = pla) PO) = P@)), 
[P@ — P,)][P@ — P(,)] >> [P@ — PGn)] 

If f,() is an odd elliptic function, f,(w)/p'(w) is an even function, 
and therefore this quotient is a rational function of p(w). Finally, 
any elliptic function F(w) is the sum of an even function and an 
odd function : 


rw) = Ot EC) 4 POW FE 





Applying the preceding results, we see that every elliptic function 
can be expressed in the form 


(43) Fu) = Rp] + p'@ FP], 


where R and R, are rational functions. 


74. Addition formule. The addition formula for the function sin x 
enables us to express sin (a + 6) in terms of the values of that func- 
tion and of its derivative for x =a and x=6. There exists an 
analogous formula for the function p(w), except that the expression 
for p(w+ v) in terms of p(w), p(v), p'(w), p'(v) 1s somewhat more 
complicated on account of the presence of a denominator. 

Let us first apply the general formula (41), in which the function 
o(u) appears, to the elliptic function p(w)— p(v). We see at once 
that o(u + v) o(u — v)/o(u) is an elliptic function with the same 
zeros and the same poles as p(w) — p(v). We have, then, 

a(u+v)o(u—v) 
an 4G . 
p(w) — p) Sa aaa 
in order to determine the constant C it suffices to multiply the two 
sides by o7(w) and to let w approach zero. We thus find the relation 
1 =— Co’(v), whence we derive 
44 en era o(u+v)o(w—v) 

( ) p(w) P(r) a7 (wu) o (v) 

If we take the logarithmic derivative on both sides, regarding v as 
a constant and w as the independent variable, we find 


p(w) 


p(u)— p(r) ={(u+v)+ C(u—v)— 2C(u), 
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or, interchanging w and v in this result, 


sire As u+v)y— C(u—v)— 2f(v 


Finally, adding these two results, we obtain the relation 


1p) —P'@), 

2 pu) — PO) 

which constitutes the addition formula for the function ¢(w). 
Differentiating the two sides with respect to wu, we should obtain 

the expression for p(w+v); the right-hand side would contain 

the second derivative p(w), which would have to be replaced by 

6 p’?(u) — g,/2. This calculation is somewhat long, and we can obtain 

the result in a more elegant way by proving first the relation 


(46) pty) + P+ POeE=[lu + v)— fu) — l@)P. 

Let us always regard uw as the independent variable ; the two sides 
are elliptic functions having for poles of the second order uw = 0, 
uw =— v, and all the points deducible from them by the addition of 
a period. In the neighborhood of the origin we have 

E(w + v)— £(u)— E(u) = (v) + udiv) + ++» — E(u) — £@) 
=— * + ul'(v)+av+.--- 


(45) E(u + v)— E(u) — fw) = 


and consequently 
i 
[Lu + v)— C(u)— E(v) P= an 20(v) —2au+--.. 


The principal part is 1/w’, as also for the left-hand side. Let us 
compare similarly the principal parts in the neighborhood of the pole 
u=—v. Putting vw =—v+h, we have 


C(hy— C(—v + h)—Lw)= ; —hé'(v)+ BW+.--, 


[f(h) — C(h a v) — LO.= - ay C'(v) =to wie, 


The principal part of the right-hand side of (46) in the neighbor- 
hood of the point «=— v is, then, 1/(w + v)’, just as for the left- 
hand side. Hence the difference between the two sides of (46) is 
a constant. To find this constant, let us compare, for instance, the 
developments in the neighborhood of the origin. We have in this 
neighborhood 


’ re f 
p(wtvy+ p(u)t+ p(vr)= me + 2p(v)+ up(e)+ +. 
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Comparing this development with that of [¢(u+v) —{(u) —¢(v) J, 
we see that the difference is zero for w= 0. The relation (46) is there- 
fore established. Combining the two equalities (45) and (46), we 
obtain the addition formula for the function p(w): 


(47) pluto) + pw) + pe) = G| POET: 


75. Integration of elliptic functions. Hermite’s decomposition for- 
mula (42) lends itself immediately to the integration of an elliptic 
function. Applying it, we find 


k 
[repauscu+ Af? Log [o(u—a,;)]— A$? (u—a,) + - 
(48) i=1 @ 
apt A emote a} 
We see that the integral of an elliptic function is expressible in 
terms of the same transcendentals o, ¢, pas the functions themselves, 
but the function o(w) may appear in the result as the argument of 
a logarithm. In order that the integral of an elliptic function may 
be itself an elliptic function, it is necessary first that the integral 
shall not present any logarithmic critical points; that is, all the 
residues A{? must be zero. If this is so, the integral is a function 
analytic except for poles. In order that it be elliptic, it will suftice 
that it is not changed by the addition of a period to w, that is, that 


2Cw—2y > AP=0,  2Co! — 24! > A= 0 


whence we derive C= 0, 34 = 0. If these conditions are satisfied, 
the integral will appear in the form indicated by Hermite’s theorem. 


When the elliptic function which is to be integrated is expressed in terms 
of p(u) and p’(u), it is often advantageous to start from that form instead of 
employing the general method. Suppose that we wish to integrate the elliptic 
function R [p(u)] + p’ (u) Ry [p(w], R and R, being rational functions. We have 
only to notice in regard to the integral fR, [p(u)]p’(u) du that the change of 
variable p(u) =¢ reduces it to the integral of a rational function. As for the 
integral { R[p(u)] du, we could reduce it to a certain number of type forms by 
means of rational operations combined with suitably chosen integrations by 
parts ; but it turns out that this would amount to making in another form the 
same reductions that were made in Volume I (§ 105, 2d ed.; § 110, Ist ed.). For, 
if we make the change of variable p(u) = t, which gives 





p’(u) du = dt, or du = ee 2 eee Ge 
p’(u) V4t8 — gat — gp 


’ 
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the integral { R [p(u)] du takes the form 
R(t) dt 
V4 —g,t—05 
We have seen how this integral decomposes into a rational function of ¢ and 


of the radical V4 t8 — 92t— gz, a sum of a certain number of integrals of the 
form /t"dt/ V4 — Jot — gg, and finally a certain number of integrals of the form 
Q(t) dt 
P(t) V4t? — g,t— gs 
where P(t) is a polynomial prime to its derivative and also to 4t® — g,t — g,, 
and where Q(t) is a polynomial prime to P(t) and of lower degree than P(t). 
Returning to the variable u, we see that the integral {R[p(u)] du is equal 
to a rational function of p(u) and p’(u), plus a certain number of integrals 
such as f[p(u)]"du and a certain number of other integrals of the form 


Q [p(w] du | 
P[p(w)] ’ 
and this reduction can be accomplished by rational operations (multiplications 
and divisions of polynomials) combined with certain integrations by parts. 
We can easily obtain a recurrent formula for the calculation of the integrals 
I, = f{{p(w)]*du. If, in the relation 


< {Lp (u) "= p/(w)} = (2 — 1) [> @)]*~2p2 (w) + [P(]"— Du), 


(49) 


we replace p?(u) and p’(u) by 4p? (u)—g,p(u)—g, and 6p?(u) — g,/2 
respectively, there results, after arranging with respect to p(u), 
ad / 
FO ae) ; 
= (dn + 2) [oy t1— (n= 3) ag ey}r-*— (= Nay tow 


and from this we derive, by integrating the two sides, 
1 
(50) [p(u)}"~3 p(w) = (4n + 2) Inga — (n- >) GoIn—1— (X= 1) GgIn—2. 


By putting successively n = 1, 2, 3, --- in this formula, all the integrals J, 
can be calculated successively from the first two, Jj = u, I, =— ¢(u). 

To reduce further the integrals of the form (49), it will be necessary to know 
the roots of the polynomial P(t). If we know these roots, we can reduce the 
calculation to that of a certain number of integrals of the form 


if du : 
P(u) — P(e) 
where p(v) is different from e,, €,, eg, since the polynomial P(t) is prime to 
418 — gt —g,. The value of v is therefore not a half-period, and p’(v) is not 
zero. The formula ; 

Seen ES t(ut v) — ¢(u— v) — 2¢(v), 





pw — p(v) 
established in § 74, then gives 
du —1 
51 = Logo (u + v) — Loge (u — v) — 2ug(v)) + C. 
ey ee we | ( ( ) ) 
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76. The function 6. The series by means of which we have defined the func- 
tions p(u), ¢(u), o(u) do not easily lend themselves to numerical computation, 
including even the power series development of ¢(u), which is valid for the 
whole plane. The founders of the theory of elliptic functions, Abel and Jacobi, 
had introduced another remarkable transcendental, which had previously been 
encountered by Fourier in his work on the theory of heat, and which can be 
developed in a very rapidly convergent series ; it is called the 6 function. We 
shall establish briefly the principal properties of this function, and show how 
the Weierstrass o (wu) function can be easily deduced from it. 

Let tr = 7+ si be a complex quantity in which the coefficient s of 7 is positive. 
If v denotes a complex variable, the function 6 (v) is defined by the series 


es is 
(52) 6(v) = ot = anal ae nt1)Tiv, q = er", 
which may be regarded as a Laurent series in which e7” has been substituted 
for z. This series is absolutely convergent, for the absolute value U,, of the 
general term is given by 
1\2 
Un “sy oom (nt5) —(2n+1)7B 

if v= a+ Bi; hence wD e approaches zero when n becomes infinite through 
positive values, and the same is true of VU_,. It follows that the function 
0(v) is an integral transcendental function of the variable v. It is also an odd 
function, for if we unite the terms of the series which correspond to the values 
n and —n —1 of the index (where n varies from 0 to + 0), the development 
(52) can be replaced by the following formula : 


+x ; 1\2 
(53) A (v) = 2 mS (— yng"? 3) sin (2 + 1) 2v, 
0 
which shows that we have 
6(—v)=— (vr), 8(0)= 


When »v is increased by anity, the general term of the series (52) is multi- 
plied by e@n+D7 =— 1, We have, then, 6(v + 1) =— 6(v). If we change v to 
v+ 7, no simple relation between the two series is immediately seen; but if 
we write 


+0 1\2 
O(v+r)= >> (e& iyrg**3) Fem +2 enti) min, 


and then change n to n — 1 in this series, the general term of the new series 


24 (»-3)+2n-1 i : 3 
(- 1) qg 2 e (2n +1) tiv e— 2riv 


is equal to the general term of the series (52) multiplied by — q-1e-27, Hence 
the function @(v) satisfies the two relations 


(54) O(v+1)=—8(v), OV + 7) =— q- 1-279 (2), 


Since the origin is a root of @(v), these relations show that @(v) has for zeros all 
the points m, + m,T, where m, and m, are arbitrary positive or negative integers 
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These are the only roots of the equation @(v) = 0. For, let us consider a 
parallelogram whose vertices are the four points v9, ¥) + 1, % +1+ 7, +7, 
the first vertex v, being taken in such a way that no root of @(v) lies on the 
boundary. We shall show that the equation 6(v) = 0 has a single root in this 
parallelogram. For this purpose it is sufficient to calculate the integral 


4) 
4 (2) 
along its boundary in the positive sense. By the hypothesis made upon 7, we 


encounter the vertices in the order in which they are written. 
From the relations (54) we derive 


O(v+1)_ &(v) Oot 7) Ov) _ 
O(vot+1) Ov) O(vtr) G(r) 


The first of these relations shows that at the corresponding points n and n’ 
(Fig. 27) of the sides AD, BC, the function 6’(v)/@(v) takes on the same value. 
Since these two sides are described in 
contrary senses, the sum of the cor- D(Co+t) mm C( +147) 
responding integrals is zero. On the 
contrary, if we take two corresponding 
points m, m’ on the sides AB, DC, the 





dv 


2 mi. 





value of 6’(v)/O(v) at the point m’ is ty n’ 
equal to the value of the same function 

at the point m, diminished by 27i. The A@.)-——> B(U+1) 
sum of the two integrals coming from Fic. 27 


these two sides is therefore equal to 

Sccn) — 2 wid», that is, to 2ai. As there is evidently one and only one point 
in the parallelogram ABCD which is represented by a quantity of the form 
m, + m,7, it follows that the function @(v) has no other roots than those found 
above. 

Summing up, the function @(v) is an odd integral function ; it has all the 
points m, + m,7 for simple zeros; it has no other zeros; and it satisfies the 
relations (54). Let now 2, 2w’ be two periods such that the coefficient of 7 in 
w/w is positive. In 6(v) let us replace the variable v by u/2w and r by w’/w, 
and let @(u) be the function 

u 

(55) ou) =0(-). 
Then ¢ (uz) is an odd integral function having all the periods 2 w = 2mw + 2 m/w’ 
for zeros of the first order, and the relations (54) are replaced by the following: 


u+ we? 


(56) ihceie) aia Calta e ata mace ae) Ga) 

These properties are very nearly those of the function ¢(u). In order to re- 
duce it to ¢ (u), it suffices to multiply ¢(u) by an exponential factor. Let us put 
2w 
4’(0) 
where 7 is the function of w and w’ defined as in § 71. This new function y (wu) 
is an odd integral function having the same zeros as ¢(u). The first of the 





1 a2 
eF" o(u), 


(57) ¥(u) = 
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relations (56) becomes 


(58) v(u+2w)=— 


We have next 


Qw (4 +9w)* 
—__— p32 =-=— 2n(u+w) u). 
#(0)° ¢ (u) e ¥ (u) 


Qw —L(u+3u'y? — wha + w') 
2w e ® 





2’) =— : 
¥(u+ 20’) 7) $ (u) 
or, since nw’ — 7/w = 71/2, 
(59) Put 20!) =— ero tory (u), 


The relations (58) and (59) are identical with the relations established above 
for the function ¢(u). Hence the quotient y(u)/o (u) has the two periods 2w 
and 2w’, for the two terms of this ratio are multiplied by the same factor when 
u increases by a period. Since the two functions have the same zeros, this 
quotient is constant ; moreover, the coefficient of u in each of the two develop- 
ments is equal to unity. We have, then, o(u) = y(u), or 


“Fare 

(60) o(u) = (0) e (7) aL 

and the function o (u) is expressed in terms of the function 6, as we proposed. 

If we give the argument v real values, the absolute value of g being less than 

unity, the series (53) is rapidly convergent. We shall not further elaborate 

these indications, which suffice to suggest the fundamental part taken by the 
6 function in the applications of elliptic functions. 
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77. Relations between the periods and the invariants. To every 
system of two complex numbers w, w', whose ratio w'/w is not real, 
corresponds a completely determined elliptic function p(w), which 
has the two periods 2, 2’, and which is regular for all the values 
of wu that are not of the form 2 mw + 2 m'w’, all of which are poles of 
the second order. The functions {(w) and o(z), which are deducible 
from p(w) by one or by two integrations, respectively, are likewise 
determined by the system of periods (2, 2"). When there is any 
reason for indicating the periods, we shall make use of the notation 
p(ulo, '), [(u]o, w'), o(u|, w') to denote the three fundamental 
functions. 

But it is to be noticed that we can replace the system (w, w’) by 
an infinite number of other systems (Q, ©') without changing the 
function p(w). For let m, m’, n, n' be any four positive or negative 
integers such that we have mn'— m'n=+1. If we put 


QO = mw + no!, 0' = m'o + n'o!, 
we shall have, conversely, 


(Dy ERG AGY == (KO) w! = + (mQ'— m'Q), 
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and it is clear that all the periods of the elliptic function p(w) are 
combinations of the two periods 2, 2.', as well as of the two 
periods 2 w, 2’. The two systems of periods (2 w, 2 w') and (29, 2.0’) 
are said to be equivalent. The function p(u|, Q') has the same 
periods and the same poles, with the same principal parts, as the 
function p(w|, w'), and their difference is zero for «w= 0. They are 
therefore identical. This fact results also from the development 
(22), for the set of quantities 2mw + 2m'w' is identical with the 
set of quantities 2mQ+2m'Q'. For the same reason, we have 
£(u|Q, O') = C(ulo, wo’) and o(u|Q, Q')= c(ulo, w’). 

Similarly, the three functions p(w), (w), «(w) are completely deter- 
mined by the invariants g,, g,. For we have seen that the function 
a (uw) is represented by a power-series development all of whose coeff- 
cients are polynomials in g,, g,. We have, then, {(w)=o'(u)/o(w), 
and finally p(w) =— ¢'(u). In order to indicate the functions which 
correspond to the invariants g, and g,, we shall use the notation 


P(% 3 Gor Ig)» £(%53 Gos Gs)s (3 Jor Gs)- 


Just here an essential question presents itself. While it is evi- 
dent, from the very definition of the function p(w), that to a system 
(w, w') corresponds an elliptic function p(w), provided the ratio 
w'/w is not real, there is nothing to prove a priori that to every 
system of values for the invariants g,, g, corresponds an elliptic 
function. We know, indeed, that the expression g3 — 27 g? must be 
different from zero, but it is not certain that this condition is suffi- 
cient. The problem which must be treated here amounts in the end 
+o solving the transcendental equations established above, 


' 1 ' 1 
(61) a= 60>) (2mw + 2 mil) Is = 1405) (2 mw + 2 m'e')>’ 


for the unknowns «@, wo’, or at least to determining whether or not 
these equations have a system of solutions such that w'/w is not real 
whenever g3 — 277? is not zero. If there exists a single system of solu- 
tions, there exist an infinite number of systems, but there appears 
to be no way of approach for a direct study of the preceding equations. 
We can arrive at the solution of this problem in an indirect way by 
studying the inversion of the elliptic integral of the first kind. 


Note. Let w, w’ be two complex numbers such that w’/w is not real. The corre- 
sponding function p(u|w, w’) satisfies the differential equation 


Ee 


2 
= 4p*— g.p— gz, 
= | P>— 9P— 9s 
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where g, and g, are defined by the equations (61). For u =, p(w) is equal to 
one of the roots e, of the equation 4p* — g,p — 9, = 0. When u varies from 0 
to w, p(u) describes a curve L going from infinity to the point e,. From the 
relation du = dp/V 4 p® — g.p — gg we conclude that the half-period w is equal 
to the definite integral 
iB ips dp 
oe = 
= V4p?— gap— 9s 

taken along the curve ZL. An analogous expression for w’ can be obtained by 
replacing e, by e, in the preceding integral. 

We have thus the two half-periods expressed in terms of the invariants 9g, 93. 
In order to be able to deduce from this result the solution of the problem before 
us, it would be necessary to show that the new system is equivalent to the system 
(61), that is, that it defines g, and g, as single-valued functions of w, w’. 


78. The inverse function to the elliptic integral of the first kind. Let 
R(z) be a polynomial of the third or of the fourth degree which is 
prime to its derivative. We shall write this polynomial in the form 


R(z) =A (z — a,) (2 — a,) (2 — a,) (2 — @,), 
where @,, @,, @,, a, denote four different roots if R(z) is of the 
fourth degree. On the other hand, if R(z) is of the third degree, we 
shall denote its three roots by a,, @,, @,, and we shall also set a, =o, 
agreeing to replace z — o by unity in the expression R (2). 
The elliptic integral of the first kind is of the form 
me 
, VR@ 


where the lower limit z, is supposed, for definiteness, to be different 
from any of the roots of R(z) and to be finite, and where the radical 
has an assigned initial value. If R(z) is of the fourth degree, the 
radical V R(z) has four critical points @,, a,, a,, @,, and each of the 
determinations of V R (z) has the point z = oo for a role of the second 
order. If R(z) is of the third degree, the Seale VR(z) has only 
three critical points in the finite plane a,, ; but if the variable 
z describes a circle containing the eles Ste 4) A, as, the two 
values of the radical are permuted. The point z =o is thocton. a 
branch point for the function V R (2). 
Let us recall the properties of the elliptic integral « proved in 
§ 55. If w(z) denotes one of the values of that integral when we 
go from the point 2, to the point z by a determined path, the same 
integral can take on at the same point z an infinite number of deter- 
minations which are included in the expressions 





(62) “u= 


(63) w=u(z)\+2mo+2m'o', u=I—u (z) + 2mo + 2 m'o!, 
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if the path is varied. In these formule m and m!are two entirely 
arbitrary integers, 2 and 2w' two periods whose ratio is not real, 
and J a constant which we may take equal, for example, to the 
integral over the loop described about the point a,. 

Let p(w|, w') be the elliptic function constructed with the periods 
2, 2! of the elliptic integral (62). Let us substitute in that func- 
tion for the variable w the integral (62) itself diminished by 1/2, 
and let ®(z) be the function thus obtained : 

@, »') 


This function @(z) is a single-valued function of z. In fact, if we 
replace w by any one of the determinations (63), we find always, 
whatever m and m' may be, 


&(z)= rfw@-s w, o'|, or »(2)=p[5- “Io, w'|, 


dz iE 


=|, »'|= p( ~5 


VR@ 2 





(64) &(2)= »| 











which shows that ®(z) is single-valued. 

Let us see what points can be singular points for this function 
@(z). First let z, be any finite value of z different from a branch 
point. Let us suppose that we go from the point z, to the point 2, 
by a definite path. We arrive at 2, with a certain value for the 
radical and a value wu, for the integral. In the neighborhood of the 
point z,, 1/ VR (z) is an analytic function of z, and we have a 
development of the form 





1 
Te ge ee a, #0, 
whence we derive 
(65) wan ta(e—2)+p5@—2) +: 


If w, —1/2 is not equal to a period, the function p(u — 1/2) is 
analytic in the neighborhood of the point w,, and consequently © (z) 
is analytic in the neighborhood of the point z,. If w,—J/2 is a 
period, the point w, is a pole of the second order for p(w ae /2), and 
therefore z, is a pole of the second order for (z), for in the neigh- 
borkood of the point «, 


where P is an analytic function. 
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Suppose next that approaches a critical point a; In the neigh- 
borhood of the point a; we have 


Fs [R (@y? =(z% — a;) 4P, (z — 4), 


ae P; is analytic for z = a,, or 


a,(z—a/)+a,(2 —a,)?+---], #9; 
TS =F lat i( AG A Vee a] a, # 


whence, ae term by term, we find 
Us u, + Wz al 2q, + = a(e —4)+-- | 


If u,—L a is not a period, p(w — J/2) is an analytic function of w 
in the neighborhood of the point uw; Substituting in the develop- 
ment of this function in powers of uw — u, the value of the difference 
u—u,; obtained from the formula (66), the fractional powers of 
(z — a;) must disappear, since we know that the left-hand side is a 
single-valued function of z; hence the function @(#) is analytic in 
the neighborhood of the point a;. Let us notice in passing that this 
shows that w; — 7/2 must be a half-period. Similarly, if «u; — 7/2 is 
equal to a period, the point a, is a pole of the first order for (2). 

Finally, let us study the function ®(z) for infinite values of 2 
We have to distinguish two cases according as R(z) is of the fourth 
degree or of the third degree. If the polynomial R (z) is of the fourth 
degree, exterior to a circle C described about the origin as center and 
containing the four roots, each of the determinations of 1/VR (z) is 
an analytic function of 1/z. For example, we have for one of them 





Dee te ee 


VEG ee ORR 


and it would suffice to change all the signs to obtain the develop- 
ment of the second determination. If the absolute value of z becomes 
infinite, the radical 1/V R(z) having the value which we have just 
written, the integral approaches a finite value u,, and we have in 
the neighborhood of the point at infinity 





(67) Tipe ee eee ae 


If uw, — 1/2 is not a period, the function p(w — J/2) is regular for 
the point ~,, and consequently the point 2 = oo is an ordinary point 
for &(z). If uw, — 1/2 is a period, the point w, isa pole of the second 
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order for p(u — I/2), and since we can write, in the neighborhood of 


the point z = 0, 
oalatheBs-) 
U — Ux On ‘ 


the point z = « is alsoa pole of the second order for the function ®(z). 
If R(z) is of the third degree, we have a development of the form 








dt Zee 

—— ==(«, 2 Pa Are ), a, #9, 
VR (z) ge 

which holds exterior to a circle having the origin for center and 

containing the three critical points a,, a,, a, It follows that 


2 
» = (20,4 Fe +--+). 

Reasoning as above, we see that the point at infinity is an ordi- 
nary point or a pole of the first order for @(z). The function (z) 
has certainly only poles for singular points ; it is therefore a rational 
function of z, and the elliptic integral of the first kind (62) satisfies 
a relation of the form 


(69) p(u—5)=2@), 


where ®(z) is a rational function. We do not know as yet the degree 
of this function, but we shall show that it is equal to unity. For 
that purpose we shall study the inverse function. In other words, 
we shall now consider « as the independent variable, and we shall 
examine the properties of the upper limit z of the integral (62), con- 
sidered as a function of that integral w. We shall divide the study, 
which requires considerable care, into several parts: 


(68) uU=U 


1) To every finite value of u correspond m values of z if m is the 
degree of the rational function ®(z)- 

For let u, be a finite value of wu. The equation (z)=p(u,— 1/2) 
determines m values for z, which are in general distinct and finite, 
though it is possible for some of the roots to coincide or become 
infinite for particular values of u,. Let z, be one of these values 
of z. The values of the elliptic integral «w which correspond to this 
value of z satisfy the equation 


ro ae)=o(u.-9) 


we have, then, one of the two relations 


U=U,+2m,o+2m,o', u=I—uy+2mo+ 2mol. 
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In either case we can make the variable z describe a path from 2, to 
z, such that the value of the integral taken over this path shall be 
precisely w,. If the function @(z) is of degree m, there are then m 
values of z for which the integral (62) takes a given value w. 

2) Let w, be a finite value of w to which corresponds a finite value 
2, of 2; that determination of z which approaches z, when wu approaches 
u, is an analytic function of u in the neighborhood of the point u,. 

For if z, is not a critical point, the values of w and z which ap- 
proach respectively w, and 2, are connected by the relation (65), where 
the coefficient a, is not zero. By the general theorem on implicit 
functions (I, § 193, 2d ed.; § 187, 1st ed.) we deduce from it a 
development for z — z, in positive integral powers of wu — w,. 

If, for the particular value uw;,z were equal to the critical value a,, 
we could in the same way consider the right-hand side of (66) as a 
development in powers of Vz—a,. Since a, is not zero, we can 
solve (66) for Vz —a,, and therefore for z — a,, expressing each of 
them as a power series in wv — u;. F 

3) Let u,, be one of the values which the integral vu takes on when 
|z| becomes infinite ; the point u,, is a pole for that determination of z 





whose absolute value becomes infinite. 

In fact, the value of the integral w which approaches w,, is repre- 
sented in the neighborhood of the point at infinity by one of the 
developments (67) and (68). In the first case we obtain for 1/z a 
development in a series of positive powers of wu — w,,. 


1 
5 BU — Ue) + B(u — uP? +++, B, #9; 


in the second case we have a similar development for 1/ Vz, and 
therefore 


: =(u — u,)°[B, + Bu — u,)+-+-]?. 

The point w,, is therefore a pole of the first or second order for z, 
according as the polynomial R(z) is of the fourth or of the third 
degree. 

4) We are going to show finally that to a value of u there can cor- 
respond only one value of z. For let us suppose that as the variable z 
describes two paths going from 2, to two different points z,, z,, the 
two values of the integral taken over these two paths are equal. It 
would then be possible to find a path Z joining these two points 2 2, 


such that the integral 
dz 


1 VR() 
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would be zero. If we represent the integral w = X + Yi by the point 
with the coérdinates (X, Y) in the system of rectangular axes OX, 
OY, we see that the point w would describe a closed curve I when 
the point 2 describes the open’curve Z. We shall show that this is 
not consistent with the properties which we have just demonstrated. 
To each value of w there correspond, by means of the relation 
p(u —I/2)= ®(z), a finite number of values of z, each of which 
varies in a continuous manner with w, provided the path described 
by uw does not pass through any of the points corresponding to the 
value z= oo.* According to our supposition, when the variable u 
describes in its plane the closed curve T starting from the point 
A (u,) and returning to that point, z describes an open arc of a con- 
tinuous curve passing from the point z, to the point z,. Let us take 
two points M and P (Fig. 28) on the curve L. 
Let the initial value of z at 4 be z,, and let 
z', 2" be the values obtained when we reach 
the points Mand P respectively, after w has 
described the paths AMand AMNP. Again, P 
let z}' be the value with which we arrive at 
the point P after w has described the are  “o 
AQP. It results from the hypothesis that 
z'and z1' are different. Let us join the two 
points M and P by a transversal MP interior to the curve I, and let 
us suppose that the variable w describes the arc AmM and then the 
transversal MP; let z,' be the value with which we arrive at the 
point P. This value 2,/ will be different from z" or else from 2j'. If 
it is different from 2’, the two paths 4dmMP and AQP do not lead 
to the same value of z at the point P. If 2" and 2}! are different, the 
two paths AmMP and AmMNP do not lead to the same value at P; 
therefore, if we start from the point M with the value z' for z, we 
obtain different values for z according as we proceed from M to P 
along the path MP or along the path MNP. In either case we see 
that we can replace the closed boundary T by a smaller closed bound- 
ary I’, partly interior to I’, such that, when w describes this closed 
boundary, 2 describes an open arc. Repeating this same operation on 
the boundary I, and continuing thus indefinitely, we should obtain 
an unlimited sequence of closed boundaries I, T,, T’,, --- having the 
same property as the closed boundary [. Since we evidently can 


N 


Aug) 
Fig. 28 


* We assume the properties of implicit functions which will be established later 
(Chapter V). 


180 SINGLE-VALUED ANALYTIC FUNCTIONS [III §78 


make the dimensions of these successive boundaries approach zero, 
we may conclude that the boundary I, approaches a limit point A. 
From the way in which this point has been defined, there will always 
exist in the interior of a circle of radius e described about » as a 
center a closed path not leading the variable z back to its original 
value, however small « may be. Now that is impossible, for the point 
\ is an ordinary point or a pole for each of the different determina- 
tions of z; in both cases z is a single-valued function of w in the 
neighborhood of A. We are thus led to a contradiction in supposing 
that the integral fdz/~V R (z), taken over an open path ZL, can be zero, 
or, what amounts to the same thing, by supposing that to a value of 
u correspond two values of 2. 

We have noticed above that, if for two different values of z we have 
(z,)= ®(z,), we can find a path Z from 2, to z, such that the integral 


dz 
tr VR (2) 
will be zerc. Hence the rational function @ (z) cannot take on the same 
value for two different values of z; that is, the function (2) must be 


of the first degree: ®(z)=(az + 6)/(cz +d). It follows, from the 
relation (69), that 





(70) ea 


and we may state the following important proposition: The upper 
limit z of an elliptic integral of the first kind, considered as a function 
of that integral, is an elliptic function of the second order. 

Elliptic integrals had been studied in a thorough manner by 
Legendre, but it was by reversing the problem that Abel and 
Jacobi were led to the discovery of elliptic functions. 

The actual determination of the elliptic function z= f(w) con- 
stitutes the problem of inversion. By the relation (62) we have 


7 = VR); 


and therefore VR (z)=f"(wv). It is clear that the radical VR(z) is 
itself an elliptic function of w. We can restate all the preceding 
results in geometric language as follows: 


Let R(z) be a polynomial of the third or fourth degree, prime to its 
derivative ; the coordinates of any point of the curve C. 
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(71) =A), 
can be expressed in terms of elliptic functions of the integral of the 
Jirst kind, 





in such a way that to a point (a, i of that curve corresponds only 
one value of u, any period being disregarded. 


To prove the last part of the proposition, we need only remark 
that all the values of « which correspond to a given value of x are 
included in the two expressions 


u, + 2m,wo + 2m,o!, [—u,+2m,o + 2m,o!. 


All the values of w included in the first expression come from an 
even number of loops described about critical points, followed by 
the direct path from x, to x, with the same initial value of the 
radical VR(x). The rales of w included in the second expression 
come from an odd number of loops described about the critical points, 
followed by the direct path from a, to x, where the corresponding 
initial value of the radical VR (x) (x) is the negative of the former. If 
we are given both x and y at the same time, the corresponding 
values are then included in a single one of the two formule. 

From the investigation above, it follows that the elliptic function 
x = f(u) has a pole of the second order in a parallelogram if R (2) 
is of the third degree, and two simple poles if R (a) is of the fourth 
degree; hence y = f"(w) is of the third or of the fourth order, accord- 
ing to the degree of the polynomial R (x). 


Note. Suppose that, by any means whatever, the codrdinates (2, 7) 
of a point of the curve y*? = R(a) have been expressed as elliptic 
functions of a parameter v, say x = $(v), y= $,(v). The integral of 
the first kind « becomes, then, 


y $,(”) 
The elliptic function ¢'(v)/¢,(v) cannot have a pole, since w must 
always have a finite value for every finite value of v; it reduces, 
then, to a constant k, and we have w=kv +. The constant / 
evidently depends on the value chosen for the lower limit of the 
integral w. The coefficient % can be determined by giving to v a 
particular value. 
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79. A new definition of p(u) by means of the invariants. It is now 
quite easy to answer the question proposed in § 77. Given two num- 
bers g,, g, such that g3 — 27 gj is not zero, there always emists an 
elliptic function p(u) for which g, and g, are the invariants. 

For the polynomial 

R(@)= 42 — 9.2 — 9, 
is prime to its derivative, and the elliptic integral fdz/VR(z) has 
two periods, 2 w, 2 w', whose ratio is imaginary. Let p(w], w') be the 
corresponding elliptic function. We shall substitute for the argu- 
ment w in this function the integral 


2 aks 
(72) ol. Reese. 


where H is a constant chosen in such a way that one of the values 
of u shall be equal to zero for z =o. We shall take H, for example, 
equal to the value of the integral [°dz/V R(z) taken over a ray L 
starting at z,. We shall show first that 
the function thus obtained is a single- 
valued analytic function of z. Let z be 
any point of the plane, and let us denote 
by v and v’ the values of the integrals 


de 


VR (#) ‘ 





i 





(2 mz) 
dz 


VR (2) 





y= 





(29 nz) 
starting with the same initial value for 
VR(z) and taken over the two paths 
z,mz, z,nz, which together form a closed 
curve containing the three critical points 
€1) &y & Of the radical. Consider the closed curve z,mznz,ZMNZz, 
formed iS the curve z,mznz,, the segment z,7, the Miele C of an 
large radius, and the segment Zz,. The ahi 1/VR (z) is analytic 
in the interior of this boundary! sa we have the relation 


Het TES wal eae: here 


which becomes, as the radius of the circle C becomes infinite, 





Fig. 29 


otwi— 2H = 0. 
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The values of ~ resulting from the two paths z,mz, z,nz therefore 
satisfy the relation «+ u'=0. From this we conclude that the 


function 
a Gh 
BORO mega le 


is a single-valued function of z We have seen that it is a linear 
function of the form (az + 6)/(cz +d). To determine a, b, ¢, d it 
will suffice to study the development of this function in the neigh- 
borhood of the point at infinity. We have in this neighborhood 


ag 
Teen + (1— ie, _ fs.) pone Yai) Ue ak 


3 oa, 
22% 1622 

















hence the value of uw, which is zero for z infinite, is represented by 


the series 
U= 1+ shies +--+); 
4 (ts gates) 


—2 
I2 
p=e(1+ f+...) =Zz— Tere 





whence 





It follows that the difference p(w)— 2 is zero for z=. But the 
difference (az + 6)/(cz + d)—z can be zero for z= only if we 
have c= 0,6 = 0, a=d; and the function p(w], w') reduces to z 
when we substitute for w the integral (72). Taking the point at 
infinity itself for the lower limit, this integral can also be written in 
the form 


hey O lberacs 


and this relation makes p(w) =z, where the function p(w) is con- 
structed with the periods 2, 2! of the integral fdz/VR (2). 

Comparing the values of du/dz deduced from these relations, we 
have p'(u) =V F(z), or, after squaring both sides, 

(73) p?(u) = F(z) = 4p*(u)— 9p (W) — oy 

The numbers g,, g,, therefore, are the invariants of the elliptic func- 
tion p(w), constructed with the periods 2, 2’. This result answers 
the question proposed above in §77. If gj — 27g} is not zero, the 


equations (61) are satisfied by an infinite number of systems of values 
for w, w'. If e,, ¢,, e, are the three roots of the equation 








R(z)=42—9,2-—g9,=9, 
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one system of solutions is given, for example, by the formule 


(74) peel Mt sf pee 
o = ee) = ————— 
i VE () q VR) 
from which all other systems will be deducible, as has been explained. 


In the applications of analysis in which elliptic functions occur, the function 
p(w) is usually defined by its invariants. In order to carry through the numericas 
computations, it is necessary to calculate a pair of periods, knowing g, and g,, 
and also to be able to find a root of the equation p(u) = A, where 4 is a given 
constant. For the details of the methods to be followed, and for information 
regarding the use of tables, we can only refer the reader to special treatises.* 


80. Application to cubics in a plane. When g? — 27 g} is not zero, 
the equation 


(75) y=4e°—g.a—y, 


represents a cubic without double points. This equation is satisfied 
by putting « = p(w), y = p'(w), where the invariants of the function 
p(w) are precisely g, and g,. To each point of the cubic corresponds a 
single value of w in a suitable parallelogram of periods. For the equa- 
tion p(w) = « has two roots w, and w, in a parallelogram of periods, 
the sum w, + w, is a period, and the two values p'(w,) and p'(w,) are 
the negatives of each other. They are therefore equal respectively 
to the two values of y which correspond to the same value of z. 

In general, the codrdinates of a point of a plane cubic without 
double points can be expressed by elliptic functions of a parameter. 
We know, in fact, that the equation of a cubie can be reduced to 
the form (75) by means of a projective transformation, but this 
transformation cannot be effected unless we know a point of inflec- 
tion of the cubic, and the determination of the points of inflections 
depend upon the solution of a ninth-degree equation of a special 
form. We shall now show that the parametric representation of a 
cubic by means of elliptic functions of a parameter can be obtained 
without having to solve any equation, provided that we know the 
coérdinates of a point of the cubic. 

Suppose first that the equation of the cubic is of the form 


(76) y? = ba? + 3b,a? + 3b,0 + bs, 





* The formule (39) which give the development of o(u) in a power series, and 
those which result from it by differentiation, enable us, at least theoretically, te 
calculate o (wu), o’(u), o’”(u), and consequently ¢(u) and P (2), for all systems of values 
of , Jo, 93. 
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in which case the point at infinity is a point of inflection. This 
equation can be reduced to the preceding form by putting y = 4 y'/b,, 
x=—b,/b,+42'/b,, which gives 
y” gy 1 ae ga! “Wp 
where the invariants y,, g, are given by the formule 
_ 120} — bb.) __ 3b,b,b, — 2b} — 626, 
pate mang) laws) deal 6: iam wo egie or 
Hence we obtain for the coérdinates of a point of the cubic (76) 
the following formule : 
b 4 
SE Aes 7 PC) y=75 Pu). 
0 
Let us now consider a ane C,, and let (a, B) be the codrdinates 
of a point of that cubic. The tangent to the cubic at this point (a, B) 
meets the cubic at a second point (a’, B') whose coordinates can be 


obtained rationally. If the point (@’, B') is taken as origin of coér- 
dinates, the equation of the cubic is of the form 


$, (2; Yy)+ $, (x, Y)+ p, (x, y)= 0, 
where ¢$,(x, y) denotes a homogeneous polynomial of the ith degree 
(¢ =1, 2,3). Let us cut the cubic by the secant y = ta; then x is 
determined by an equation of the second degree, 


ao, (1, t) +a, (1, t)+ $,(1, )=0, 


whence we obtain 
Fe ON) as 
29, (1, 4) 

where R(t) denotes the polynomial ¢3 (1, ¢) — 4 ¢,(1, ¢) ¢, (1, 4), which 
is in general of the fourth degree. The roots of this polynomial are 
precisely the slopes of the tangents to the cubic which pass through 
the origin.* We know a priori one root of this polynomial, the slope ¢, 
of the straight line which joins the origin to the point (a, 8). Putting 


t = t,+1/t', we find 
VEG - YO, 


where the polynomial R(t’) is now only of the third degree. The 
coordinates (a, y) of a point of the cubic C, are therefore expressible 
rationally in terms of a parameter ¢' and of the square root of a 





*Two roots cannot be equal (see Vol. I, § 103, 2d ed. ; § 108, 1st ed.).— Trans 
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polynomial R,(¢') of the third degree. We have just seen how to 
express ¢/ and VR,(¢') as elliptic functions of a parameter w; hence 
we can express z and y also as elliptic functions of w. 

It follows from the nature of the methods used above that to a 
point (x, y) of the cubic correspond a single value of ¢ and a definite 
value of VR(#), and hence completely determined values of ¢' and 
VR,(t'). Now to each system of values of ¢' and VR,(¢') corre- 
sponds only one value of w in a suitable parallelogram of periods, as 
we have already pointed out. The expressions = f(w), y= f,(~), 
obtained for the codrdinates of a point of C,, are therefore such 
that all the determinations of « which give the same point of the 
cubic can be obtained from any one of them by adding to it various 
periods. 





This parametric representation of plane cubics by means of elliptic functions 
is very important.* As an example we shall show how it enables us to deter- 
mine the points of inflection. Let the expressions for the codrdinates be 
x=f(u),y=f,(u); the arguments of the points of intersections of the cubic 
with the straight line dz + By +C=0 are the roots of the equation 


Af (u) + Bf,(u) + C = 0. 


Since to a point («, y) corresponds only one value of u in a parallelogram of 
periods, it follows that the elliptic function Af(u) + Bf,(u) +C must be, in 
general, of the third order. The poles of that function are evidently independent 
of A, B, C; hence if u,, wu), us are the three arguments corresponding respec- 
tively to the three points of intersections of the cubic and the straight line, we 
must have, by § 68, 

U, + Uy + Us = K + 2m,w + 2m, w’, 


where K& is the sum of the poles in a parallelogram. Replacing u by K/3 + u 
in f(u) and f,(u), the relation can be written in the simpler form 


Uy + Uy + Us = period. 


Conversely, this condition is sufficient to insure that the three points M, (w=1,), 
My (u = Uy), Mg (uw = ug) on the cubic shall lie on a straight line. For let Mj be 
the third point of intersection of the straight line M, M, with the cubic, and uj 
the corresponding argument. Since the sum u, + u, + uz is equal to a period, 
u, and wu; differ only by a period, and consequently Mj coincides with M,. 

If w is the value of the parameter at a point of inflection, the tangent at that 
point meets the curve in three coincident points, and 8u must be equal to a 
period. We must have, then, u = (2m, + 2m,w’)/3. All the points of inflec- 
tion can be obtained by giving to the integers m, and m, the values 0, 1, 2. 
Hence there are nine points of inflections. The straight line which passes through 








* CLEBscH, Ueber diejenigen Curven, deren Coordinaten sich als elliptische Func- 
tionen vines Parameters darstellen lassen (Crelle’s Journal, Vol. UXIV). 
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the two points of inflection (2m, + 2m,w’)/3 and (2m, + 2m,w’)/3 meets 
the cubic in a third point whose argument, 


2 (my + Mj) w + 2M, + Msg) w 
3 ? 





is again one third of a period, that is, in a new point of inflection. The number 
of straight lines which meet the cubic in three points of inflection is therefore 
equal to (9 - 8)/(8 - 2), that is, to twelve. 


Note. The points of intersection of the standard cubic (75) with the straight 
line y = mx + n are given by the equation p’(u) — mp (u) — n = 0, the left-hand 
side of which has a pole of the third order at the point w= 0. The sum of the 
arguments of the points of intersection is then equal to a period. If u, and u, 
are the arguments of two of these points, we can take — u, — u, for the argu- 
ment of the third point of intersection, and the abscissas of these three points 
are respectively p(U,), P(U_), P(u, + Uy). We can deduce from this a new proof 
of the addition formula for p(u). In fact, the abscissas of the points of inter- 
section are roots of the equation 

429 — got — gy = (ma + n)?; 
hence 
m2 
by + y+ 2s = P(uy) + P(Me) + P (Uy + Uy) = ee 

On the other hand, from the straight line passing through the two points M,(u,), 

M, (up), We have the two relations p’(u,) =mp (u,) +7, p’(U.) =mp (uy) +n, Whence 


— P’(My) = P'() | 
P (My) — P(%4) 
and this leads to the relation already found in § 74, 
P (us) — eT 
P (uz) — P(u4) 


m 


1 
) + PC%) + PO +) = Gl 


81. General formule for parameter representation. Let R(x) be a 
polynomial of the fourth degree prime to its derivative. Consider 
the curve C, represented by the equation 


(7%) f=RE)= ae + 44,0 + 64,07 + 4a,x + 4,. 


We shall show how the coérdinates « and y of a point of this curve 
can be expressed as elliptic functions of a parameter. If we know a 
root a of the equation R («)= 0, we have already seen in the treat- 
ment of cubics how to proceed. Putting «= a+1/z', the relation 


(77) becomes 
y= r(a 4: *)= he), 


where R,(a’) is a polynomial of the third degree. Hence the curve C,, 
by means of the relations «=a+1/z', y=y'/x", corresponds point for 
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point to the curve C; of the third degree whose equation is y”= F(z’). 
Now x! and y' can be expressed by means of a parameter wu, in the form 
a! = ap(u)+ B, y' = ap'(u), by a suitable choice of a, B and of the 
invariants of p(w). We deduce from these relations the following 
expressions for x and y: 

s Appar 
apy +B" [ap(u) + BP’ 
whence we find du =—dz/y, so that the parameter wu is identi- 
cal, except for sign, with the integral of the first kind, fdz/V R (2), 
and the formule (78) constitute a generalization of the results for 
the simple case of parametric representation in § 80. 

Let us consider now the general case in which we do not know any 
root of the equation R(a)= 0. We are going to show that x and y 
can be expressed rationally in terms of an elliptic function p(u) with 
known invariants, and of its derivative p'(u), without introducing any 
other irrationality than a square root. Let us replace for the moment 
x and y by ¢ and v respectively, so that the relation (77) becomes 


(78) w@=at 


(77) v=ROD=at+4a,0°4+ 60,7? + 40,¢ + a, 
The polynomial R(t) can be expressed in the form 
R)=[4,O) — 4,4 $,(¢) 
in an infinite number of ways, where ¢,, $,, ¢, are polynomials of 
the degrees indicated by their subscripts. For let (a, 8) be the codr- 


dinates of any point on the curve C,. Let us take a polynomial ¢, (¢) 
such that , (a) = 8, which can be done in an infinite number of ways; 


then the equation 
R()—[4,()]? = 0 
will have the root ¢ =a, and we can put $,(/4)=t—a. The poly- 


nomial R(t) having been put in the preceding form, let us consider 
the auxiliary cubic C, represented by the equation 


my sa(d)varale)eon(d)=o 


If we cut this cubic by the secant y = tz, the abscissas of the two 
variable points of intersection are roots of the equation 


w'gy(t) + 22$,(0) + $(t) = 0 
and can be expressed in the form 


Steet ae $2 (t) + Be 
$,(¢) 


II, § 81] INVERSE FUNCTIONS 189 


where v is determined by the equation (77'). Conversely, we see that 
¢ and v can be expressed rationally in terms of the codrdinates z, y 
of a point of C, by the equations 


i oC) 


Now «and y can be expressed as elliptic functions of a parameter w, 
since we know a point on the cubic C, that is the origin. Then ¢ 
and v can also be expressed as elliptic functions of wu. The method is 
evidently susceptible of a great many variations, and we have intro- 
duced only the irrational 8B = V R(@), where a is arbitrary. 

We are going to carry through the actual calculation, supposing, 
as is always admissible, that we have first made the coefficient a, of ¢° 
disappear in R(t). We can then write 

a, R(t) =(a,0)* + 6a,a,0 + 4a,0,t + aa, 
and put 
¢Q=—-1, oO=a0', $()=6a,4,0 + 4a,0,¢ + 4,0, 
The auxiliary cubic C, has the form 
(81) 6a,a,ry° + 4a,a,x°y + a,a,0° + 2a,y? — x =0. 


Following the general method, let us cut this cubic with the 
secant y= tx; the equation obtained can be written in the form 


2 
() —2 ats —(6a,a,0 + 4a,a,¢ + a,0,)= 9; 


XL 


whence we obtain 


ss at? +Va,R (t). 
aw 
Conversely, we can express ¢ and Va,R(¢) in terms of x and y: 


y Fock y\ 
(82) SS a a,R(t)= 5 — a,(¥) : 


On the other hand, solving the equation (81) for y, we have 





— 2aa,x? + V4 cata! — 2 (a,a,x%7 —1)(64,4,2 + 2 a,) 
y= ; 
6a,4,% + 2a, 





The polynomial under the radical has the root « = 0. Applying the 
method explained above, we can then express a and y as elliptic 
functions of a parameter. Doing so, we obtain the results 


ee eee Hie ay p'(v) — as 
2a,p(v)— 1, al 2[a,p() + @,][24,p (4) — a] 





(88) x= 
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where the invariants g,, g, of the elliptic function p(w) have the 
following values: 


2 3 2 
8A _ Ha +3 a3 Mo May — 8 = %%_ 
(84) Ig a? aaa aa 


Substituting the preceding values for « and y in the expressions 
(82), we find 


1 NOn 

t=5 =I; 

"| py +2 
(85) : ; 
ae | Pw-2 
NEOs NG oO eas lant 7a 


pw) +3 


We can write these results in a somewhat simpler form by noting 
that the relations 


(86) pW)=- p@=3 


are compatible according to the values (84) of the invariants g, and g,. 
On the other hand, we can substitute for 


ALS = soll 
41 P@) — P@) 
its equivalent p(w + v)+ p(w)+ p(v). Combining these results and 


replacing ¢ and VR (t) (t) by # and y respectively, we may formulate 
the result in the following proposition : 


The coordinates (x, y) of any point on the curve C,, represented by 
the equation (77) (where a, = 0), can be expressed in terms of a vari- 
able parameter u by the formule 


e7) pet P@M=—P@,  . 
(87) «= 5 ke STEN Y = Va,[p (wu) — p(w + v)], 
where the invariants g, and g, have the values given by the relations (84), 
and where p(v), p'(v) are determined by the compatible equations (86). 


From the formula (45), established above (§ 74), we derive, by 
differentiating the two sides of that equality, 


1 4 [P= PO] yay — prt oy, 
males zs sds p(w) — p(ut+ v)5 
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that is, dx/du = y/ Van) or du = [Vvo,/y] dx. The parameter w, there- 
fore, represents the elliptic integral of the first kind, Va, fda/V R(x), 
and the formule (87) furnish the solution of the generalized prob- 
lem of parameter representation. 


82. Curves of deficiency one. An algebraic plane curve C,, of degree 

m cannot have more than (n —1)(n — 2)/2 double points without 
degenerating into several distinct curves. If the curve C, is not 
degenerate and has d double points, the difference 

ee 1) 2) 

= 5) —d 
is called the deficiency of that curve. Curves of deficiency zero are 
called unicursal curves; the codrdinates of a point of such a curve 
can be expressed as rational functions of a parameter. The next 


simplest curves are those of deficiency one; a curve of deficiency 
one has (n —1)(n — 2)/2 —1= n(n — 3)/2 double points. 


The codrdinates of a point of a curve of deficiency one can be 
expressed as elliptic functions of a parameter. 


In order to prove this theorem, let us consider the adjoint curves 
of the (n — 2)th order, that is, the curves C),_, which pass through 
the n(n — 3)/2 double points of C,. Since (n — 2) (a +1)/2 points 
are necessary to determine a curve of the (nm — 2)th degree, the 
adjoint curves C,,_, depend still upon 


nm —,2)(n st (=o) 
ie EET 


arbitrary parameters. If we also require that these curves pass 
through m — 3 other simple points taken at pleasure on C,, we obtain 
a system of adjoint curves which have, in common with C,, the 
n(n — 3)/2 double points of C, and n — 3 of its simple points. Let 
F(a, y)= 0 be the equation of C,, and let 


A Y+MG Y)+ HI @ Y) = 0 
be the equation of the system of curves C,,_., where A and pare arbi- 
trary parameters. Any curve of this system meets C, in only three 
variable points, for each double point counts as two simple points, 


and we have 
n(n — 3)+n—3=n(n — 2)— 3. 
Let us now put 
(88) gt ae fh 9) , y= AY), 
A@Y ~ f@y 
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when the point (x, y) describes the curve C,, the point (’, y') de- 
scribes an algebraic curve C’ whose equation would be obtained by 
the elimination of # and y between the equations (88) and F(a, y) = 0. 
The two curves C' and C, correspond to each other point for point 
by means of a dirational transformation. This means that, con- 
versely, the coordinates (x, y) of a point of C, can be expressed 
rationally in terms of the coérdinates («', y') of the corresponding 
point of C’. To prove this we need only show that to a point (2', y’) 
of C' there corresponds only one point of C,, or that the equations 
(88), together with F(a, y)= 0, have only a single system of solu- 
tions for « and y, which vary with «' and y’. 

Suppose that to a point of C’ there correspond actually two points 
va, 6), (a', b') of C,, which are not among the points taken as the 
hasis of the system of curves C,_,. Then we should have 


fila! 0) _ Fla’, BY) _ fala’, BY) 

F(a, 0) Ffa,0) FA, 8) 
and all the curves of the system which pass through the point (a, 6) 
vould also pass through the point (a', 6’). The curves of the system 
which pass through these two points would still depend linearly 
upon a variable parameter and would meet the curve C,, in a single 
variable point. The codrdinates of this last point of intersection 
with C, would then be rational functions of a variable parameter, 
and the curve C’, would be unicursal. But this is impossible, since 
it has only n(n — 3)/2 double points. Hence to a point (2', y') of C' 
corresponds only one point of C,, and the codrdinates of this point 
are, by the theory of elimination, rational functions of a’ and y': 


(89) a= o(a'y'), y= >$(2', 7’). 

In order to obtain the degree of the curve C’, let us try to find 
the number of points common to this curve and any straight line 
axz' + by'+e¢=0. This amounts to finding the number of points 
common to the curve C, and the curve 


af, (a, y) ae bf (x, y) 18 of, (a, Y) = 0, 

since to a point of C’ corresponds a single point of C,, and conversely. 
Now there are only three points of intersection which vary with a, d, c. 
The curve C' is therefore of the third degree. To sum up, the coor- 
dinates of a point of the curve C,, can be expressed rationally in 
terms of the codrdinates of a point of a plane cubic; and since the 
codrdinates of a point of a cubic are elliptic functions of a parameter, 
the same thing must be true of the codrdinates of a point of C,. 


Ill, Exs.] EXERCISES 193 


It results also from the demonstration, and from what has been 
seen above for cubics, that the representation can be made in such a 
way that to a point («, y) of C,, corresponds only one value of w in 
a parallelogram of periods. 

Let «= y(u), y= y,(u) be the expressions for x and y derived 
above; then every Abelian integral w = fR(a, y)dx associated with 
the curve C, (I, § 103, 2d ed.; § 108, 1st ed.) is reduced by this 
change of variables to the integral of an elliptic function ; hence this 
integral w can be expressed in terms of the transcendentals p, ¢, ¢ 
of the theory of elliptic functions. The introduction of these tran- 
scendentals in analysis has doubled the scope of the integral calculus. 


Example. Bicircular quartics. A curve of the fourth degree with two double 
points is of deficiency one. If the double points are the circular points at in- 
finity, the curve C, is called a bicircular quartic. If we take for the origin a 
point of the curve, we can take for the adjoint curves C,,—» circles passing 


through the origin a? + y2 + rx + py = 0. 


In order to have a cubic corresponding point for point to the quartic C,, we 
need only follow the general method and put a = «/(a? + y?), y’ = y/(x? + y”). 
We have, conversely, = 2'/(x + y*), y=y'/(z* + y”). These formule define 
an inversion with respect to a circle of unit radius described with the origin 
as center. To obtain the equation of the cubic CO, it will suffice to replace z 
and y in the equation of C, by the preceding values. Suppose, for example, 
that the equation of the quartic C, is (x? + y?)?— ay =0; the cubic CO; will 
have for its equation ay‘(y? + «?)—1=0. 


Note. When a plane curve C, has singular points of a higher order, it is of 
deficiency one, provided that all its singular points are equivalent to n(n — 8)/2 
ordinary double points. For example, a curve of the fourth degree having a 
single double point at which two branches of the curve are tangent to each 
other without having any other singularity is of deficiency one; to verify this 
it suffices to cut the quartic by a system of conics tangent to the two branches 
of the quartic at the double point and passing through another point of the 
quartic. The curve y? = R(«), where R (x) is a polynomial of the fourth degree 
prime to its derivative, has a singularity of this kind at the point at infinity. 
It is reduced to a cubic by the following birational transformation : 


Lae Y= AN Oe, 


from which it is easy to obtain the formule (87). 


EXERCISES 


1. Prove that an integral doubly periodic function is a constant by means 
of the development Prema eae oe 
(2) = > Ane o, 


(The condition f(z + w’) = f(z) requires that we have A, = 0 if n #0.) 
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2. If ais not a multiple of 7, we have the formula 
sin (z + @) TI z ) es 
(14 - 1 enn, 
sina ( tay Il t57S tie 


(Change z to z+ a iu the expansion for ctnz, then integrate between the 
limits 0 and z.) 





3. Deduce from the preceding result the new infinite products 


cose +0) _( 22 itp: 22 Je 
cosa ceca II fear eealin a 


—@ 


é sa xt ~ Stace Zz 
sing ste = (1-2) (1+ Zz il (1- be )(1- z ) em, 
sin @ a a+, a+ 2nm7, (2n—1)r—a@ 


—-@ 


cos Z — Cos z2\ +e, Z z = 
cose = = (1-5) TT (1-4 —)(1- om. 

1—cosa@ ay th 2nr+a 2nr—-—a 

Transform these new products into products of primary functions or into 
products that no longer contain exponential factors, such as 


42? 422 422 
cosz =(1— ——)(1———}.--- 1- | 
1? 9 7? (2n + 1)?7? 


4. Derive the relations 








ii 1 
tanz = 2z SS ee Sr 
mm Soe + Gaal a , 
ae 4 4 “J 
1 1 1 1 u 
S| (a wad Se igh ne la eee 
sinz Zz la rere oe ae Pun aiaeiy |. 


Establish analogous relations for 
1 1 
era Ageia Ee PM RASS > ape 
sinz — sina cosz — cosa 


5. Establish the relation 





sinwz _,_ 2 z2(22—1) 22 (z? — 1) (2? — 4) 





mz 1 (2! (3!) 
net ny ee) : 
Ce ee 


6. Decompose the functions 
nae 1 
into simple elements. FD et 
7. If g. = 0, we have 
P(au; 0, 93) = ap(u; 0,93), — p’(au; 0, gs) = p(w; 0, gs), 


where a is one of the cube roots of unity. From this deduce the decomposition 
of 1/[p’(u) — p’(v)] into simple elements when g, = 0. 
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8. Given the integrals 
(f ar+o6 5 jee az? + ae 
(e—1)V28—-1-” Wie 


ih dx if az? +b 

Sey ee 

x8 V28 — x Va—«)— aa" te 

it is required to express the variable z and each one of these integrals in terms 
of the transcendentals p, ¢ ¢ 





9. Establish Hermite’s decomposition formula (§ 73) by equating to zero 
the sum of the residues of the function F(z)[¢(e — z) — ¢(@ — z)] in a paral- 
lelogram of periods, where F(z) is an elliptic function and where 2, «,) are 
considered as constants. 


10. Deduce from the formula (60) the relation 7 =— 9’”(0)/12 w6’(0). 
(It should be noticed that the series for o(u) does not contain any terms 
in u’.) 
11*, Express the codrdinates « and y of one of the following curves as 
elliptic functions of a parameter : 
=A[(r—a) (#-b6) &@-OP, y=A[(e—a) @—D)), 
=A (&— a)? (a — b)§ (x — ©), yi=A (x — a)? (x — b)8, 
y= A(e— a)3 (a — bp, 
=A (2—a)(e—b)'(@—0)', =A (@— 8 (u— BY, 


y= A (x — a)? (x — b)5, y§ =A (x — a)* (x — B)5, 
y® + (lz? + maz + n)y? + A[(x — a) (2 — b) (x — c)]? = 0, 
y+ Any? + 28 (Br +3)" 0, t+ day +o (Bets FE) = 0, 
t+ Any? + (Bet + _ =) = 0; 
y> + Axyt + xt (Be - 5 a) 0, p+ Any + (Bed — = 2) 0) 


The variable parameter is equal, except for a constant, to the integral {(1/y) dz. 


[Brior er Bouquet, Théorie des fonctions doublement 
périodiques, 2d ed., pp. 388-412. ] 


CHAPTER IV 


ANALYTIC EXTENSION 


I. DEFINITION OF AN ANALYTIC FUNCTION BY MEANS 
OF ONE OF ITS ELEMENTS 


83. Introduction to analytic extension. Let f(z) be an analytic func- 
tion in a connected portion A of the plane, bounded by one or more 
curves, closed or not, where the word curve is to be understood in 
the usual elementary sense as heretofore. 

If we know the value of the function f(z) and the values of all 
its successive derivatives at a definite point a of the region A, we 
can deduce from them the value of the function at any other point 6 
of the same region. To prove this, join the points a and 6 by a path Z 
lying entirely in the region A; for example, by a broken line or by 
any form of curve whatever. Let 8 be the lower limit of the dis- 
tance from any point of the path Z to any point of the boundary of 
the region A, so that a circle with the radius § and with its center at 
any point of Z will lie entirely in that region. By hypothesis we 
know the value of the function f(a) and the values of its successive 
derivatives f'(a), f"(a),---, for z= a. We can therefore write the 
power series which represents the function f(z) in the neighborhood 
of the point a: 


Q) s@Q=f@+ 4 p@t-..+$ SY pose... 


The radius of convergence of this series is at least equal to 8, but 
it may be greater than 6. If the point 6 is situated in the circle of 
convergence C’, of the preceding series, it will suffice to replace z by 
6 in order to have f(6). Suppose that the point lies outside the circle 
C,, and let a, be the point where the path Z leaves C,* (Fig. 30). 
Let us take on this path a point z, within C, and near a,, so that the 





* Since the value of f(z) at the point b does not depend on the path so long as it 
does not leave the region A, we may suppose that the path cuts the circle Co in only 
one point, as in the figure, and the successive circles C,, Cz, ---in at most two points. 
This amounts to taking for a the last point of intersection of I and Op, and similarly 
for the others. 
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distance between the two points 2, and 2, shall be less than 8/2. The 
series (1) and those obtained from it by successive differentiations 
enable us to calculate the values of the function f(z) and of all its 
derivatives, f(z,), f'(2,),--+, f(2), +++, for 2 =2,. The coefficients 
of the series which represents the function f(z) in the neighborhood 
of the point z, are therefore determined if we know the coefficients ot 
the first series (1), and we have in the neighborhood of the point z, 


2) f@Q=fe)t sre) + SH pow t--. 


The radius of the circle of convergence C, of this series is at least 
equal to 8; this circle contains, then, the point @, within it, and 
there is also a part of it out- 
side of the circle C,. If the 
point 6 is in this new circle 
C,, it will suffice to put z =d 
in the series (2) in order to 
have the value of f(). Sup- 
pose that the point 6 is again 
outside of C,, and let a, be 
the point where the path 2,6 
leaves the circle. Let us take 
on the path Z a point z, ere! 80 

within C, and such that the 

distance between the two points z, and a@, shall be less than 6/2 
The series (2) and those which we obtain from it by successive dif- 
ferentiations will enable us to calculate the values of /(%) and its 
derivatives f(z), J(%), f"(#),°*+ at the point z,. We shall then 
form a new series, 





2 — Bo 


8) s@=fe)t+ #8 ret. + SZ pret. 
which represents the function f(z) in a new circle C, with a radius 
greater than or equal to 8. If the point 6 is in this circle C,, we shall 
replace z by @ in the preceding equality (3); if not, we shall continue 
to apply the same process. At the end of a finite number of such 
operations we shall finally have a circle containing the point 4 within 
it (in the case of the figure, 4 is in the interior of C,); for we can 
always choose the points z,, %,, %,,-+- in such a way that the dis- 
tance between any two consecutive points shall be greater than 8/2 
On the other hand, let S$ be the length of the path Z. The length of 
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the broken line az,z, +++ %»-1%p 18 always less than S; hence we have 
ps/2+\z, —b|<S. Let p be an integer such that (p/2 + 1) SSeS: 
The preceding inequality shows that after p operations, at most, 
we shall come upon a point z, of the path Z whose distance from 
the point 4 will be less than 8; the point 6 will be in the interior 
of the circle of convergence C,, of the power series which represents 
the function f(z) in the neighborhood of the point z,, and it will 
suffice to replace z by 6 in this series in order to have f(é). In the 
same way all the derivatives f'(0), f’(0), --- can be calculated. 

The above reasoning proves that it is possible, at least theoretically, 
to calculate the value of a function analytic in a region dA, and of 
all its derivatives at any point of that region, provided we know 
the sequence of values, 


(4) F(a), F(a), f'(@), See FM), an 


of the function and of its successive derivatives at a given point a of 
that region. It follows that any function analytic in a region A is 
completely determined in the whole of that region if it is known in 
a region, however small, surrounding any point a taken in A, or 
even if it is known at all points of an are of a curve, however short, 
ending at the point a. For if the function f(z) is determined at 
every point on the whole length of an are of a curve, the same must 
be true of its derivative /"(z), since the value f"(z,) at any point of 
that are is equal to the limit of the quotient [f(z,) — f(,)]/(% — #) 
when the point z, approaches z, along the are considered ; the deriv- 
ative f'(z) being known, we deduce from it in the same way /"(z), 
and from that we deduce f'"(z),---. All the successive derivatives 
of the function f(z) will then be determined for 2 = a. We shall say 
for brevity that the knowledge of the numerical values of all the 
terms of the sequence (4) determines an element of the function 
J(#). The result reached can now be stated in the following man- 
ner: A function analytic in a region A is completely determined if 
we know any one of its elements. We can say further that two func- 
tions analytic in the same region cannot have a common element 
without being identical. 

We have supposed for definiteness that the function considered, 
J(#), was analytic in the whole region; but the reasoning can be 
extended to any function analytic in the region except at certain 
singular points, provided the path ZL, followed by the variable in 
going from @ to 6, does not pass through any singular point of the 
function. It suffices for this to break up the path into several ares, 
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as we have already done (§ 31), so that each one can be inclosed 
in a closed boundary inside of which the branch of the function f(z) 
considered shall be analytic. The knowledge of the initial element 
and of the path described by the variable suffices, at least theoreti- 
cally, to find the final element, that is, the numerical values of all the 
terms of the analogous sequence 


(5) S(), t'(), ote) 0 OY 


84. New definition of analytic functions. Up to the present we have 
studied analytic functions which were defined by expressions which 
give their values for all values of the variable in the field in which 
they were studied. We now know, from what precedes, that it is 
possible to define an analytic function for any value of the variable 
as soon as we know a single element of the function; but in order to 
present the theory satisfactorily from this new point of view, we must 
add to the definition of analytic functions according to Cauchy a new 
convention, which seems to be worth stating in considerable detail. 

Let f(z), £,() be two functions analytic respectively in the two 
regions 4,, A, having one and only one part 
A' in common (Fig. 31). If in the com- 
mon part A' we have f,(2)=/f,(), which 
will be the case if these two functions have 
a single common element in this region, we 
shall regard f(z) and f(z) as forming a 
single function F(z), analytic in the region 
A,+A,, by means of the following equalities: 
He) = 72) in A, and d(@y=f,(2)an A, 
We shall also say that f(z) is the analytic extension into the region 
A,—A' of the analytic function f(z), which is supposed to be defined 
only in the region A,. It is clear that the analytic extension of f(z) 
into the region of A, exterior to A, is possible in only one way.* 


Ie, Bil 





*In order to show that the preceding convention is distinct from the detinition of 
functions analytic in general, it suftices to notice that it leads at once to the following 
consequence: J/ a function f(z) is analytic in a region A, every other analytic func- 
tion f(z), under these conventions, which coincides with f(z) in u part of the region A 
is identical with f(z) in A. Now let us consider a function F'(z) defined for all values 
of the complex variable z in the following manner: 


? : UR olfus 
F(z) =sinz, ifz4>5; F(5) =0. 
However odd this sort of convention may appear, it has nothing in it contra- 


dictory to the previous definition of functions in general analytic. The function 
thus defined would be analytic for all values of z except for z= 7/2, which would 


sod 
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Let us now consider an infinite sequence of numbers, real or 
imaginary, 

(6) oy By Gay ***y Any %9 
subject to the single condition that the series 

(7) ty + a2 + a2? +--+ + ae +--- 


converges for some value of z different from zero. (We take z= 0 
for the initial value of the variable, which does not in any way 
restrict the generality.) The series (7) has, then, by hypothesis, a 
circle of convergence C,, whose radius R is not zero. If R is infinite, 
the series is convergent for every value of z and represents an inte- 
eval function of the variable. If the radius # has a finite value dif- 
ferent from zero, the sum of the series (7) is an analytic function 
f(2) in the interior of the circle C,. But since we know only the 
sequence of coefficients (6), we cannot say anything a priori regard- 
ing the nature of the function outside of the circle C,. We do not 
know whether or not it is possible to add to the circle C, an adjoin- 
ing region forming with the circle a connected region A such that 
there exists a function analytic in 4 and coinciding with f(z) in the 
interior of C,. The method of the preceding paragraph enables us to 
determine whether this is the case or not. Let us take in the circle C, 
a point a different from the origin. By means of the series (7), 
and the series obtained from it by term-by-term differentiation we 
can calculate the element of the function f(z) which corresponds to 
che point a, and consequently we can form the power series 


z2—a4 2— a) 
(8) sot *p@t+- + =P owe... 
which represents the function f(z) in the neighborhood of the point a. 
This series is certainly convergent in a circle about a as center with 
a radius R —|a| ($8), but it may be convergent in a larger circle 
whose radius cannot exceed R + |a|. For if it were convergent in 





be a singular point of a particular nature. But the properties of this function F(z) 
would be in contradiction to the convention which we have just adopted, since the 
two functions #’(z) and sin z would be identical for all the values of z except for 
z= 7/2, which would be a singular point for only one of the two functions. 

Weierstrass, in Germany, and Méray, in France, developed the theory of analytic 
functions by starting only with the properties of power series; their investigations 
are also entirely independent. Méray’s theory is presented in his large treatise, 
Legons nouvelles sur l Analyse infinitésimale. It is shown in the text how we can 
define an analytic function step by step, knowing one of its elements but always 
supposing known the theorems of Cauchy on analytic functions. 
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a circle of radius R + |a| + 8, the series (7) would be convergent in 
a circle of radius R + 8 about the origin as center, contrary to the 
hypothesis. Let us suppose first that the radius of the circle of con- 
vergence of the series (8) is always equal to R —|a|, wherever the 
point a may be taken in the circle C,. Then there exists no means 
of extending the function f(z) analytically outside of the circle, at 
least if we make use of power series only. We can say that there 
does not exist any function F(z) analytic in a region A of the plane 
greater than and containing the circle C, and coinciding with f(z) 
in the circle C,, for the method of analytic extension would enable 
as to determine the value of that function at a point exterior to the 
circle C,, as we have just seen. The circle C, is then said to be a 
natural boundary for the function f(z). Further on we shall see 
some examples of this. 

Suppose, in the second place, that with a suitably chosen point 
a in the circle C, the circle of convergence C, of the series (8) has a 
radius greater than R —|a|. 
This circle C, has a part 
exterior to C, (Fig. 32), and 
the sum of the series (8) is 
an analytic function f(z) in 
the circle C,. In the interior 
of the circle y with the center 
a, which is tangent to the 
circle C, internally, we have 
A,@)=Ff(@) (§ 8); hence this 
equality must subsist in the 
whole of the region common Fre. 32 
to the two circles C,, C,. The 
series (8) gives us the analytic extension of the function f(z) into 
the portion of the circle C, exterior to the circle C,. Let a' be a new 
point taken in this region; by proceeding in the same way we shall 
form a new power series in powers of z — a’, which will be con- 
vergent in a circle C,. If the circle C, is not entirely within C,, the 
new series will give the extension of f(z) in a more extended region, 
and so on in the same way. We see, then, how it is possible to 
extend, step by step, the region of existence of the function f(z), 
which at first was defined only in the interior of the circle C,. 

It is clear that the preceding process can be carried out in an in- 
finite number of ways. In order to keep in mind how the extension 
was obtained, we must define precisely the path followed by the 
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variable. Let us suppose that we can obtain the analytic extension 
of the function defined by the series (7) along a path Z, as we have 
just explained. Each point # of the path Z is the center of a circle of 
convergence of radius 7 in the interior of which the function is rep- 
resented by a convergent series arranged in powers of z—a. The 
radius v of this circle varies continuously with «. For let a and a’ be 
two neighboring points of the path Z, and 7 and 7’ the corresponding 
radii. If z' is near enough to a to satisfy the inequality |a'! — a|< 7, 
the radius 7’ will lie between 7 —|a' — a| and r +|a' — a|, as we have 
seen above. Hence the difference 7’ — r approaches zero with 
Now let Cj, be a circle with the radius R/2 described with the origin 
as center; if @ is any point on the circle Cj, the radius of conver- 
gence of the series (8) is at least equal to R/2, but it may be greater. 
Since this radius varies in a continuous manner with the position of 
the point a, it passes through a minimum value R/2 +7 at a point 
of the circle Cy. We cannot have r > 0, for if + were actually posi- 
tive, there would exist a function /'(z) analytic in the circle of radius 
R-+~,7 about the origin as center and coinciding with f(z) in the 
interior of C,. For a value of z whose absolute value lies between R 
and R +7, F(z) would be equal to the sum of any one of the series 
(8), where @ is a point on Cy such that |z — «|< R/2+ 7. According 
to Cauchy’s theorem, /'(z) would be equal to the sum of a power 
series convergent in the circle of radius R + 7, and this series would 
be identical with the series (7), which is impossible. 

There is, therefore, on the circumference of Cj at least one point a 
such that the circle of convergence of the series (8) has R/2 for its 
radius, and this cirele is tangent internally to the circle C, at a point 
a where the radius Ow meets that circle. The point @ is a singular 
point of f(z) on the circle C,. In a circle ¢ with the point @ for 
center, however sinall the radius may be taken, there cannot exist 
an analytic function which is identical with f(z) in the part common 
to the two circles C, and ¢. It is also clear that the circle of conver- 
gence of the series (8) having any point of the radius Ow for center 
is tangent internally to the circle C, at the point @.* 





} 


xe'— 2. 











* Tf all the coefficients d» of the series (7) are real and positive, the point z= R is 
necessarily a singular point on Co. In fact, if it were not, the power series 
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which represents f(z) in the neighborhood of the point z= R/2, would have a radius 
of convergence greater than R/2. The same would be true a fortiori of the series 


1V,§384] ELEMENTS OF AN ANALYTIC FUNCTION 203 


Let us consider now a path Z starting at the origin and ending at 
any point Z outside of the circle C,, and let us imagine a moving 
point to describe this path, moving always in the same sense from O 
to Z. Let a, be the point where the moving point leaves the circle, 
if this point @, were a singular point, it would be impossible to con- 
tinue on the path Z beyond this point. We shall suppose that it is 
not a singular point; we can then form a power series arranged in 
powers of z — a, and convergent in a circle C, with the center a,, 
whose sum coincides with f(z) in the part common to the two cir- 
cles C, and C,. To calculate f(@,), f'(@,), --- we could employ, for 
example, an intermediate point on the radius Oa, The sum of the 
second series would furnish us with the analytic extension of f(z) 
along the path Z from @,, so long as the moving point does not leave 
the circle C,. In particular, if all the path starting from a, lies in 
the interior of C,, that series will give the value of the function at the 
point Z. If the path leaves the circle C, at the point a, we shall 
form, similarly, a new power series convergent in a circle C, with 
the center @,, and so on. We shall suppose first that after a finite 
number of operations we arrive at a circle C, with the center @,, con- 
taining all the portion of the path Z which follows a,, and in partic- 
ular the point Z. It will suffice to replace z by Z in the last series 
used and in those which we have obtained from it by term-by-term 
differentiation in order to find the values of f(7), f'(Z), f"(Z), +++; 
with which we arrive at the point Z, that is, the final element of the 
function. 

It is clear that we arrive at any point of the path ZL with com- 
pletely determined values for the function and all its derivatives. 
Let us note also that we could replace the circles C,, C,, C,,-++, C, 
by a sequence of circles similarly defined, having any points z,, 2,, 

-, z, of the path LZ as centers, provided that the circle with the 
center 2; contains the portion of the path Z included between z, and 
z,,,; We can also modify the path Z, keeping the same extremities, 
without changing the final values of f(z), f(z), f(),---3 for the 


Reiw ABO, puff LEON 
HS) Cr) 
whatever the angle w may be, for we have evidently 
(te) a(8) 


since all the coefficients dn are positive. The minimum of the radius of convergence 
: / 
of the series (8), when a describes the circle (G, would then he greater than R/2. 
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circles C,, Cy +++, Cp cover a portion of the plane forming a kind of 
strip in which the path Z lies, and we can replace the path Z by any 
other path L' going from z = 0 to the point Z and situated in that 
strip. Let us suppose, for 
definiteness, that we have to 
make use of three consecutive 


Cy 


a circles C,, Cy C, (Fig. 33). 
reel go, Let L' be a new path lying 
Zs RS * in the strip formed by these 

Se eae three circles, and let us join 
the two points mand n. If we 
go from O to m first by the 
path Oa,m, then by the path 
Onm, it is clear that we arrive 
at m with the same element, since we have an analytic function in 
the region formed by C, and C,. Similarly, if we go from m to Z 
by the path ma,Z or by the path mnZ, we arrive in each case at 
the point Z with the same element. The path ZL is therefore equiv- 
alent to the path OnmnZ, that is, to the path Z'. The method of 
proof is the same, whatever may be the number of the successive 
circles. In particular, we can always replace a path of any form 
whatever by a broken line.* 


Fie. 33 


85. Singular points. If we proceed as we have just explained, it 
may happen that we cannot find a circle containing all that part of 
the path Z which remains to be described, however far we continue 
the process. This will be the case when the point a, is a singular point 
on the circle C,,_,, for the process will be checked just at that point. 
If the process can be continued forever, without arriving at a circle 
inclosing all that part of the path Z which remains to be described, 
the points @,_, @,, @)41,++: approach a limit point A of the path Z, 
which may be either the point Z itself or a point lying between O 
and Z. The point » is again a singular point, and it is impossible 
to push the analytic extension of the function f(z) along the path Z 
beyond the point A. But if » is different from Z, it does not follow 
that the point Z is itself a singular point, and that we cannot go 
from O to Z by some other path. Let us consider, for example, either 
of the two functions V1 + z and Log (1+ 2); we could not go from 





* The reasoning requires a little more attention when the path Z has double points, 
since then the strip formed by the successive circles Cy, 01, Co, --» may return and 
cover part of itself. But there is no essential difficulty. 


IV,§8] ELEMENTS OF AN ANALYTIC FUNCTION 205 


the origin to the point z =— 2 along the axis of reals, since we could 
not pass through the singular point = — 1. But if we cause the vari- 
able z to describe a path not going through this point, it is clear that 
we shall arrive at the point z =— 2 after a finite number of steps, 
for all the successive circles will pass through the point z =—1. 
It should be noticed that the preceding definition of singular points 
depends upon the path followed by the variable; a point A may be 
a singular point for a certain path, and may not for some other, if 
the function has several distinct branches. 

When two paths 7,, Zi, going from the origin to Z, lead to dif- 
ferent elements at Z, there exists at least one singular point in the 
interior of the region which would be swept out by one of the paths, 
L,, for example, if we were to deform it in a continuous manner so 
as to bring it into coincidence with L;, retaining always the same 
extremities during the change. Let us sup- 
pose, as is always permissible, that the two 
paths Z,, Lj are broken lines composed of the 
same number of segments 0a,b,¢,---1,2 and 
Oaybie,--- 4 Z (Fig. 34). Let a,, b,, ¢,,---, d, 
be the middle points of the segments a,aj, 
6,5), ¢,¢], +--+, 4,4; the path ZL, formed by the 
broken line 0a,b,¢,--- 2,4 cannot be equiva- 
lent at the same time to the two paths Z,, Lj 
if it does not contain a singular point. If the 
path L, does contain a singular point, the 
theorem is established. If the two paths Z, 
and L, are not equivalent, we can deduce from Fic. 34 
them a new path L, lying between L, and L, 
by the same process. Continuing in this way, we shall either reach 
a path ZL, containing a singular point or we shall have an infinite 
sequence of paths L,, L,, L,,---. These paths will approach a limit- 
ing path A, for the points @,, a,, a,,- ++ approach a limit point lying 
between a, and aj,---, and similarly for the others. This limiting 
path A must necessarily contain a singular point, since we can 
draw two paths as near as we please to A, one on each side of 
it, and leading to different elements for the function at Z. This 
could not be true if A did not contain any singular points, since 
the paths sufficiently close to A must lead to the same elements 
at Z as does A. 

The preceding definition of singular points is purely negative 
and does not tell us anything about the nature of the function in 
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the neighborhood. No hypothesis on these singular points or on 
their distribution in the plane can be discarded a priori without 
danger of leading to some contradiction. A study of the analytic 
extension is required to determine all the possible cases.* 


86. General problem. From what precedes, it follows that an analytic 
function is virtually determined when we know one of its elements, 
that is, when we know a sequence of coefficients @,, a, @) +++) Qn °° 
such that the series 


Ay + a(a —_— a@)+ onewe + a, (a ieee a)” + sl 


has a radius of convergence different from zero. These coefficients 
being known, we are led to consider the following general problem : 
To find the value of the function at any point B of the plane when the 
variable is made to describe a definitely chosen path from the point a 
to the point B. We can also consider the problem of determining 
a priori the singular points of the analytic function; it is also 
clear that the two problems are closely related to each other. The 
method of analytic extension itself furnishes a solution of these two 
problems, at least theoretically, but it is practicable only in very 
particular cases. For example, as nothing indicates a priori the 
number of intermediate series which must be employed to go from 
the point @ to the point 8, and since we can calculate the sum of 
each of these series with only a certain degree of approximation, it 
appears impossible to obtain any idea of the final approximation 
which we shall reach. So the investigation of simpler solutions was 
necessary, at least in particular cases. Only in recent years, how- 
ever, has this problem been the object of thorough investigations, 
which have already led to some important results.? 





*Let f(x) be a function analytic along the whole length of the segment abd of the 
‘real axis. In the neighborhood of any point @ of this segment the function can be 
represented by a power series whose radius of convergence R(@) is not zero. This 
radius R, being a continuous function of @, has a positive minimum r. Let p be a 
positive number less than 7, and £# the region of the plane swept out by a circle with 
the radius Pp when its center describes the segment ab. The function f(x) is analytic 
in the region # and on its boundary; let M be an upper bound for its absolute value ; 
from the general formule (14) (§ 33) it follows that at any point x of ab we have the 
inequality Mal 

n 


p 





IF (@)|< 
(Cf. I, § 197, 2d ed.; § 191, Ist ed.) 
{ For everything regarding this matter we refer the reader to Hadamard’s excel- 


lent work, La série de Taylor et son prolongement analytique (Naud, 1901). It con- 
tains a very complete bibliography. 
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The fact that these researches are so recent must not be attributed 
entirely to the difficulty of the question, however great it may be. 
The functions which have actually been studied successively by 
mathematicians have not been chosen by them arbitrarily; rather, 
the study of these functions was forced upon them by the very nature 
of the problems which they encountered. Now, aside from a small 
number of transcendentals, all these functions, after the explicit 
elementary functions, are defined either as the roots of equations 
which do not admit a formal solution or as integrals of algebraic 
differential equations. It is clear, then, that the study of implicit 
functions and of functions defined by differential equations must 
logically have preceded the study of the general problem of which 
these two problems are essentially only very particular cases. 

It is easy to show how the study of algebraic differential equa- 
tions leads to the theory of analytic extension. Let us consider, for 
concreteness, two power series y(a), #(a), arranged according to pos- 
itive powers of # and convergent in a circle C of radius R described 
about the point «= 0 as center. On the other hand, let F(a, y, y', y", 

- Pz, 2), +62?) bea polynomial ina, y, y',.-+ =, YP, 2i2!, 2,20, 
Let us suppose that we replace y and z in this polynomial by the 
preceding series, y', y'’,---, y™ by the successive derivatives of the 
series y(x), and 2', 2",.--, 2 by the derivatives of the series z(x); 
the result is again a power series convergent in the circle C. If all 
the coefficients of that series are zero, the analytic functions (7) 
and z(a) satisfy, in the circle C, the relation 


) F(a, Y; y', a ae: ye &y az, PS QD) fae 0. 


We are now going to prove that the functions obtained by the analytic 
extension of the series y(x) and z(x) satisfy the same relation in the 
whole of their domain of existence. More precisely, if we cause the 
variable a to describe a path Z starting at the origin and proceeding 
from the circle C to reach any point @ of the plane, and if it is pos- 
sible to continue the analytic extension of the two series y(a) and 
x(x) along the whole length of this path without meeting any singular 
point, the power series Y(# — @) and Z(a% — @) with which we arrive 
at the point @ represent, in the neighborhood of that point, two ana- 
lytic functions which satisfy the relation (9). For let x, be a point 
of the path Z within the circle C and near the point where the path 1 
leaves the circle C. With the point a, as center we can describe a 
circle C,, partly exterior to the circle C, and there exist two power 
series y(a — #,), 2(a — #,) that are convergent in the circle C, and 
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whose values are identical with the values of the two series y (a) and 
z(a) in the part common to the two circles C, C,. Substituting for y 
and z in F the two corresponding series, the result obtained is a power 
series P(x — x,) convergent in the circle C,. Now in the part common 
to the two circles C, C, we have P(a —2,)=0; the series P(a — 2,) 
has therefore all its coefficients zero, and the two new series y (a — ,) 
and z(a — «,) satisfy the relation (9) in the circle C,. Continuing 
in this way, we see that the relation never ceases to be satisfied 
by the analytic extension of the two series y(#) and z(x), whatever 
the path followed by the variable may be; the proposition is thus 
demonstrated. 

The study of a function defined by a differential equation is, then, 
essentially only a particular case of the general problem of analytic 
extension. But, on the other hand, it is easy to see how the knowledge 
of a particular relation between the analytic function and some of 
its derivatives may in certain cases facilitate the solution of the 
problem. We shall have to return to this point in the study of 
differential equations. 


II. NATURAL BOUNDARIES. CUTS 


The study of modular elliptic functions furnished Hermite the 
first example of an analytic function defined only in a portion of 
the plane. We shall point out a very simple method of obtaining 
analytic functions having any curve whatever of the plane for a 
natural boundary (see § 84), under certain hypotheses of a very 
general character concerning the curve. 


87. Singular lines. Natural boundaries. We shall first demonstrate 
a preliminary proposition.* 

Let a, @)+++, G++: and ¢, €,,++-+, +++ be two sequences of 
any kind of terms, the second of which is such that 3c, is absolutely 
convergent and has all its terms different from zero. Let C be a 
circle with the center z,, containing none of the points a, in its interior 
and passing through a single one of these points; then the series 





Cy 
ay — # 


(10) F@)=> 





*Porncar#, Acta Societatis Fennice, Vol. XIII, 1881; GoursatT, Bulletin des 
sciences mathématiques, 2d series, Vol. XT, p. 109, and Vol. XVII, p. 247. 
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represents an analytic function in the circle C which can be devel- 
oped in a series of powers of z — z,. The circle of convergence of this 
series is precisely the circle C. 

We can clearly suppose that z, = 0, for if we change z to 2, — 2’, 
a, 18 replaced by a, — z,, and ¢, does not change. We shall also sup- 
pose that we have |a,|= FR, where R denotes the radius of the circle C, 
and |a,| > R fori > 1. In the circle C the general term ¢,/(a, — z) can 
be developed in a power series, and that series has (|¢,|/R)/(1 —z/R) 
for a dominant function, as is easily verified. By a general theorem 
demonstrated above (§ 9), the series %|c,| being convergent, the func- 
tion F(z) can be developed in a power series in the circle C, and that 
series can be obtained by adding term by term the power series which 
represent the different terms. We have, then, in the circle C 





(10) F(e)=A,+ Ae +42 +--+ +Apttes:, A= 


+a 
Let us choose an integer p such that > 6 shall be smaller than 
v=pt+l1 
|¢,|/2, which is always possible, since ¢, is not zero and since the 


series 3|c,| is convergent. Having chosen the integer p in this 
way, we can write F(z)= F\(z)+ F,(z), where we have set 


P C +o C 
LAOY DS et LOT Bes) 6 2 a = 
Vv 4 1 Vv ~ 
v=2 v=pt+l 











F(z) is a rational function which has only poles exterior to the 
circle C’; it is therefore developable in a power series in a circle C’ 
with a radius R'’> R. As for F,(z), we have 


(11) Ei(2@) = Bot Bg pe Be” nes, 


where 


Pi TUSik sty Speen Dard sie ae Lie) w. 


i ay*? (@p41)"*? (@y42)"*? 


We can write this coefficient again in the form 


ll +o ay n+1 
= ————— C —_— 3 
= afat So (2)"} 


v=ptl ia 





but we have, by hypothesis, |a,/a,|<1, and the absolute value of 


the sum of the series 
+a 1 
. ae 
c, (= 
v=ptl CF 
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is less than |¢,|/2, by the method of choosing the integer p. The 
absolute value of the coefficient B, is therefore between |¢,|/2 R”** and 
3\c,|/2 R" +! in magnitude, and the absolute value of the general term 
of the series (11) lies between (|¢,|/2 R)|2/R|" and (8|¢,|/2 R)|z/R |"; 
that series is therefore divergent if |2|> R. By adding to the series 
F,(z), convergent in the circle with the radius R, a series F,(z), con- 
vergent in a circle of radius R' > R, it is clear that the sum F(z) has 
the circle C with the radius R for its circle of convergence; this 
proves the proposition which was stated. 

Let now Z be a curve, closed or not, having at each point a definite 
radius of curvature. The series 3¢, being absolutely convergent, let 
us suppose that the points of the sequence a,, a,,---, a, +--+ are all 
on the curve Z and are distributed on it in such a way that on a 
finite are of this curve there are always an infinite number of points 
of that sequence. The series 


(12) r@=> 


v= ay 





Cy 
a 
a 


is convergent for every point z, not belonging to the curve Z, and 
represents an analytic function in the neighborhood of that point. 
To prove this it would suffice to repeat the first part of the preced- 
ing proof, taking for the circle C any circle with the center z, and 
not containing any of the points a;. If the curve Z is not closed, 
and does not have any double points, the series (12) represents an 
analytic function in the whole extent of the plane except for the 
points of the curve Z. We cannot conclude from this that the 
curve Z is a singular line; we have yet to assure ourselves that 
the analytic extension of F(z) is not possible across any portion 
of L, however small it may be. To prove this it suffices to show that 
the cirele of convergence of the power series which represents F(z) 
in the neighborhood of any point z, not on Z can never inclose an 
are of that curve, however small it may be. Suppose that the circle C, 
with the center z,, actually incloses an arc @B of the curve LZ. Let us 
take a point a; on this arc @B, and on the normal to this are at a, let 
us take a point 2' so close to the point a; that the circle C,, described 
about the point 2' as center with the radius |z' — a,|, shall lie entirely 
in the interior of C and not have any point in common with the 
are wB other than the point a, itself. By the theorem which has just 
been demonstrated, the circle C, is the circle of convergence for the 
power series which represents F(z) in the neighborhood of the point 


z'. But this is in contradiction to the general properties of power 
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series, for that circle of convergence cannot be smaller than the 
circle with the center z' which is tangent internally to the circle. C. 

If the curve Z is closed, the series (12) represents two distinct 
analytic functions. One of these exists only in the interior of the 
curve ZL, and for it that curve is a natural boundary; the other 
function, on the contrary, exists only in the region exterior to the 
curve Z and has the same curve as a natural boundary. Thus the 
curve LZ is a natural boundary for each of these functions. 

Given several curves, L,, L,,---+, £,, closed or not, it will be pos- 
sible to form in this way series of the form (12) having these curves 
for natural boundaries; the sum of these series will have all these 
curves for natural boundaries. 


88, Examples. Let AB be a segment of a straight line, and a, 8 the complex 
quantities representing the extremities A, B. All the points y= (ma + ng)/(m+n), 
where m and n are two positive integers varying from 1 to + 0, are on the seg- 
ment AB, and on a finite portion of this segment there are always an infinite 
number of points of that kind, since the point y divides the segment AB in the 
ratio m/n. On the other hand, let Cy,» be the general term of an absolutely 
convergent double series. The double series 


Onan 
MO) = 2) mae WB, 
m+n 


represents an analytic function having the segment AB for a natural boundary. 
We can, in fact, transform this series into a simple series with a single index 
in an infinite number of ways. It is clear that by adding several series of this 
kind it will be possible to form an analytic function having the perimeter of 
any given polygon as a natural boundary. 

Another example, in which the curve L is a circle, may be defined as follows: 
Let @ be a positive irrational number, and let y be a positive integer. Let us put 


a=e du Oye? inva. 


Then all the points a” are distinct and are situated on the circle C of unit radius 
having its center at the origin. Moreover, we know that we can find two inte- 
gers m and n such that the difference 2 (naw — m) will be less in absolute value 
than a number e, however small e be taken. 

There exist, then, powers of a whose angle is as near zero as we wish, and 
consequently on a finite arc of the circumference there will always be an infinite 
number of points a’. Let us next put c, = a’/2”; the series 


8 Ted 
#@) =D) 597 
view 1— — 


av 





represents, by the general theorem, an analytic function in the circle 0 
which has the whole cirewmference of this circle for a natural boundary 
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Developing each term in powers of z, we obtain for the development of F(z) the 


power series 
z ee Pil 
Fig) Sou ae 
) Ay Bora a rr ee ad 2ar—1 











It is easy to prove directly that the function represented by this power series 
cannot be extended analytically beyond the circle C; for if we add to it the 
series for 1/(1 — 2), there results 








+1)+ +2 = +1)4 ++ =2F (a2), 


1 
P(e) + = 2+ 4(5 2ar—1 


a—1l 


or 





1 1 
B= EC 


Changing in this relation z to az, then to az, ---, we find the general relation 


1 1 1 1 
(14) F(a od ete 2"(1— 2) cect az) see aaatN 2(1— a"—1z)’ 





which shows that the difference 2"F (a”z) — F(z) is arational function ¢ (z) hay- 
ing the n poles of the first order 1, 1/a,---, 1/a"—1. 

The result (14) has been established on the supposition that we have |z| <1 
and |a|=1. If the angle of a is commensurable with 7, the equality (14) shows 
that F(z) is a rational function ; to show this it would suffice to take for n an 
integer such that a” =1. If the angle of a is incommensurable with 7, it is im- 
possible for the function F(z) to be analytic on a finite arc AB of the circum- 
ference, however small it may be. For let a-? and a*~—? be two points on the 
arc AB(n>p). The numbers n and p having been chosen in this way, let us 
suppose that z is made to approach a-?; a”z will approach a*—»?, and the two 
functions F(z) and F(a*z) would approach finite limits if #(z) were analytic 
on the arc AB. Now the relation (14) shows that this is impossible, since the 
function ¢ (z) has the pole a-». 

An analogous method is applicable, as Hadamard has shown, to the series 
considered by Weierstrass, 


(1) F(e) = > /oras", 


where a is a positive integer >1 and 0 is a constant whose absolute value is less 
than one. This series is convergent if |z| is not greater than unity, and diver- 
gent if |z| is greater than unity. The circle C with a unit radius is therefore the 
circle of convergence. The circumference is a natural boundary for the func- 
tion F(z). For suppose that there are no singular points of the function on a 
finite arc af of the circumference. If we replace the variable z in F(z) by 
ze?kin/e’, where k and h are two positive integers and ¢ a divisor of a, all the 
terms of the series (15) after the term of the rank h are unchanged, and the 
difference F(z) — F(ze2*t‘/c*) is a polynomial. Neither would the function F(z) 
have any singular points on the arc a,6;, which is derived from the arc a by a 
rotation through an angle 2 kz/c* around the origin. Let us take h large enough 
to make 2/c* smaller than the arc ag; taking successively k = 1, 2,---, cA, it 
is clear that the arcs @,8,, @8,, +++ cover the circumference completely. The 
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function F(z) would therefore not have any singular points on the circumfer- 
ence, which is absurd (§ 84). 

This example presents an interesting peculiarity ; the series (15) is absolutely 
and uniformly convergent along the circumference of C. It represents, then, a 
continuous function of the angle @ along this circle.* 


89. Singularities of analytical expressions. Every analytical expres- 
sion (such as a series whose different terms are functions of a vari- 
able z, or a definite integral in which that variable appears as a 
parameter) represents, under certain conditions, an analytic function 
in the neighborhood of each of the values of z for which it has a 
meaning. If the set of these values of 2 covers completely a connected 
region A of the plane, the expression considered represents an 
analytic function of z in that region 4; but if the set of these values 
of z forms two or more distinct and separated regions, it may happen 
that the analytical expression considered represents entirely distinct 
functions in these different regions. We have already met an exam- 
ple of this in § 38. There we saw how we could form a series of 
rational terms, convergent in two curvilinear triangles PQR, P'Q'R' 
(Fig. 16), whose value is equal to a given analytic function f(z) in 
the triangle PQR and to zero in the triangle P'Q'’R'. By adding two 
such series we shall obtain a series of rational terms whose value is 
equal to f(z) in the triangle PQR and to another analytic function 
¢(2) in the triangle P'Q'R'. These two functions f(z) and ¢(z) being 








* Fredholm has shown, similarly, that the function represented by the series 
ao 
Tar", 
0 


where a is a positive quantity less than one, cannot be extended beyond the circle of 
convergence (Comptes rendus, March 24, 1890). This example leads to a result which 
is worthy of mention. On the circle of unit radius the series is convergent and the 
value 
F(@) = Z a"[cos (n26) + 7 sin (26) | 
is a continuous function of the angle 6 which has an infinite number of derivatives. 
This function /'(4) cannot, however, be developed in a Taylor’s series in any interval, 
however small it may be. Suppose that in the interval (6o— a, 00+ a) we actually 
have 
F (6) = Ag + Ay (0 — Oo) °° * + An(O- Oo)" + >>>. 

The series on the right represents an analytic functior of the complex variable @ in 
the circle ¢ with the radius @ described with the point @ for center. To this circle c 
corresponds, by means of the relation z= e%, a closed region A of the plane of the vari- 
able z containing the arc ¥ of the unit circle extending from the point with the angle 
9)- @ to the point with the angle 69+ a. There would exist, then, in this region 4 
an analytic function of z coinciding with the value of the series Daz’ along ¥Y and also 
in the part of A within the unit circle; this is impossible, since we cannot extend the 
sum of the series beyond the circle. 
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arbitrary, it is clear that the value of the series in the triangle P'Q'l’ 
will in general bear no relation to the analytic extension of the value 
of that series in the triangle PQR. 

The following is another very simple example, analogous to an 
example pointed out by Schréder and by Tannery. The expression 
(1 — 2")/(1 + 2”), where n is a positive integer which increases in- 
definitely, approaches the limit +1 if |z|<1, and the limit —1 
if |z|>1. If |z|=1, this expression has no limit except for z = 1. 
Now the sum of the first 7 terms of the series 


yc Nya jl=22 tof (= 5) 
Oe aa (eee ees a once Tg ea 











is equal to the preceding expression. This series is therefore conver- 
gent if |z| is different from unity. Hence it represents +1 in the 
interior of the circle C with the radius wnity about the origin as 
center, and —1 at all points outside of this circle. Now let f(<), 
$(%) be any two analytic functions whatever; for example, two 
integral functions. Then the expression 


¥)=5/@)+ 41+ 58 OUVO- $I 


is equal to f(z) in the interior of C, and to (2) in the region ex- 
terior to C. The circumference itself is a cut for that expression, but 
of a quite different nature from the natural boundaries which we 
have just mentioned. The function which is equal to y(z) in the 
interior of C can be extended analytically beyond C ; and, similarly, 
the function which is equal to y(z) outside of C’ can be extended 
analytically into the interior. 

Analogous singularities present themselves in the case of functions 
represented by definite integrals. The simplest example is furnished 
by Cauchy’s integral; if f(z) is a function analytic within a closed 
curve T and also on that curve itself, the integral 


1 S(@) dz 
Ga eee 
represents f(a) if the point a is in the interior of I. The same inte- 
gral is zero if the point x is outside of the curve I, for the function 
J()/(# — x) is then analytic inside of the curve. Here again the 
curve I is not a natural boundary for the definite integral. Similarly, 
the definite integral f°" ctn [(2 — x)/2]dz has the real axis as a cut; 
it is equal to + 2 ai or — 2 mi, according as a is above or below that 
cut (§ 45). 
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90. Hermite’s formula. An interesting result due to Hermite can be brought 
into relation with the preceding discussion.* Let F(é, z), @(t, z) be two analytic 
functions of each of the variables t and z; for example, two polynomials or two 
power series convergent for all the values of these two variables. Then the 
definite integral 


(16) © (z) (eae : dt, 





taken over the segment of a straight line which joins the two points @ and £, 
represents, as we shall see later (§ 95), an analytic function of z except for the 
values of z which are roots of the equation G (t, z) = 0, where ¢ is the complex 
quantity corresponding to a point on the segment @B. This equation therefore 
determines a finite or an infinite number of curves for which the integral # (z) 
ceases to have a meaning. Let AB be one of these curves not having any double 
points. In order to consider a very precise case, we shall suppose that when ¢ 
describes the segment @@B, one of the roots of the equation G (t, z) = 0 describes 
the arc AB, and that all the other roots of the same equation, if there are any, 
remain outside of a suitably chosen closed curve surrounding the are AB, so 
that the segment a and the arc AB correspond to each other point to point. 
The integral (16) has no meaning when z falls upon the are 4B; we wish to 
calculate the difference between the values of the function #(z) at two points 
N, N’, lying on opposite sides of the arc AB, whose distances from a fixed point 
M of the arc AB are infinitesimal. Let ¢ ¢+ e, ¢+ & be the three values of z 
corresponding to the three points MV, 

N, N’ respectively. To these three tf A 
points correspond in the plane of the B 
variable t, by means of the equation 
G(t, 2) = 0, the point m on ap, and 
the two points n, n’ on opposite sides AG 

of @B at infinitesimal distances from ¢f Fic. 35 B 
m. Let 6,6+ 7, 6+ 7 be the cor- 

responding values of ¢. In the neighborhood of the segment @@ let us take 
a point y so near af that the equation G(t, ¢+¢)=0 has no other root 
than ¢t=6@+47 in the interior of the triangle @By (Fig. 85). The function 
F(t, ¢+ €)/G(t, + «) of the variable ¢ has but a single pole 6 + 7 in the interior 
of the triangle @By, and, according to the hypotheses made above, this pole 
is a simple pole. Applying Cauchy’s theorem, we have, then, the relation 


BFULS+9 YEG StS) 


C 


N’ 





(a7) an Gut, €4:¢) a G(t,¢+.6) 
SHG SD Ory a Catane- etsy) 
y Gt, f+ €) G8 +n, & + 6) 


The two integrals Jats ee are of the same form as @(z); they represent re- 
spectively two functions, ,(z), ,(z), which are analytic so long as the variable 
is not situated upon certain curves. Let AC and BC be the curves which cor- 
respond to the two segments ay and By of the t plane, and which are at 
infinitesimal distances from the cut AB associated with ®(z). Let us now give 





* Hermite, Sur quelques points de la théorie des fonctions (Crelle’s Journal, 
Vol. XCI). 
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the value ¢4 ¢’ to z; the corresponding value of ¢ is @ + 7’, represented by the 
point n’, and the function F(t, ¢+ €)/G@(t, ¢+ e) of tis analytic in the interior 
of the triangle aBy. We have, then, the relation 
PEt Og, (ROE, (RGI+D 4 0; 
a G(t, 6+ €) p Git, 6+ &) y Git, ¢+€) 
subtracting the two formule (17) and (18) term by term, we can write the result 
as follows : 
O(F + 6) — BUC Fe) [Oi (0 be) = Salers) 
+ [84(F + 6) — Op(F + &)] = Bim 


(18) 


FO +m f+9. 
GO +1, $+) 

But since neither of the functions #,(z), ®,(z) has the line AB as a cut, they 
are analytic in the neighborhood of the point z = ¢, and by making e and ¢€ ap- 
proach zero we obtain at the limit the difference of the values of ®(z) in two 
points infinitely near each other on opposite sides of AB. We shall write the 
result in the abridged form FO, 2) 

Le 2 : g . 
(19) Se aaa mY 
srr te 
this is Hermite’s formula. It is seen that it is very simply related to Cauchy’s 
theorem.* The demonstration indicates clearly how we must take the points V 
and WN’; the point N(¢+ e) must be such that an observer describing the segment 
aB has the corresponding point 6 + 7 on his left. 

It is to be noticed that the arc AB is not a natural boundary for the 
function (z). In the neighborhood of the point N’ we can replace @(z) by 
— [@,(z) + ®, (z)] according to the relation (18). Now the sum #,(z) + ®, (z) is 
an analytic function in the curvilinear triangle 4CB and on the are AB itself, 
as well as in the neighborhood of N’. Therefore we can make the variable z 
cross the arc AB at any one of its points except the extremities A and B 
without meeting any obstacle to the analytic extension. The same thing would 
be true if we were to make the variable z cross the arc AB in the opposite sense. 

Example. Let us consider the integral 

(20) = [20S 

PiGZ 

where the integral is to be taken over a segment A B of the real axis, and where 
J(t) denotes an analytic function along that segment AB. Let us represent z 
on the same plane as ¢. The function ®(z) is an analytic function of z in the 
neighborhood of every point not located on the segment AB itself, which is a 
cut for the integral. The difference &(N) — ®(N’) is here equal to + 2 Tif (f), 
Where ¢ is a point of the segment AB. When the variable z crosses the line A B, 
the analytic extension of (z) is represented by @(z) + 2 7if(z). 

This example gives rise to an important observation. The function @(z) is 
still an analytic function of z, even when f (t) is not an analytic function of ¢, 
provided that f(t) is continuous between a and B (§ 33). But in this case the 
preceding reasoning no longer applies, and the segment AB is in general a 
natural boundary for the function #(z). 





* GoursAT, Sur un théoreme de M. Hermite (Acta mathematica, Vol. I). 
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EXERCISES 


1. Find the lines of discontinuity for the definite integrals 


1 zdt dt 
F s= -_——— 3 = ’ 
(@) ff 1+ 27¢? 210) if t+ iz 


taken along the straight line which joins the points (0, 1) and (a, 6) respec- 
tively ; determine the value of these integrals for a point z not located on these 
boundaries. 





2. Consider four circles with radii 1/V2, having for centers the points + 1, 
+i, —1, —i. The region exterior to these four circles is composed of a finite 
region A, containing the origin, and of an infinite region A,. Construct, by the 
method of § 38, a series of rational functions which converge in these regions, 
and whose value in A, is equal to 1 and in A, to0. Verify the result by finding 
the sum of the series obtained. 


3. Treat the same questions, considering the two regions interior to the circle 
of radius 2 with the center for origin, and exterior to the two circles of radius 1 
with centers at the points + 1 and — 1 respectively. 


[ApPELL, Acta mathematica, Vol. I.] 
4. The definite integral 


tis t¢sin z 
= > 7 lt 
=) if T+2tcosz+B°” 
taken along the real axis, has for cuts the straight lines x = (2k + 1)7, where k 
is an integer. Let ¢=(2k + 1) 4 ié be a point on one of these cuts. The dif- 
ference in the values of the integral in two points infinitely close to that point 
on each side of the cut is equal to a (e + e-%), 


{[Hermire, Crelle’s Journal, Vol. XCI.] 
5. The two definite integrals 


+ pi(t—2z) + wo p—i(t—2z) 
ene Sete eatihe =f dt, 
ae Gz “$=e 


taken along the real axis, have the axis of reals for a cut in the plane of the 
variable z. Above the axis we have J = 27i, J, = 0, and below we have J = 0, 
Jy =— 27i. From these results deduce the values of the definite integrals 


Seek +0 ae 
ii eae Gi if pee ae 
Pee Nee) ae. t—z 


wD GE +2 sin (t — 2) 
Je ut, ine a, 
[Hermite, Crelle’s Journal, Vol. XCI.] 
6. Establish by means of cuts the formula (Chap. II, Ex. 15) 


+o t 
i iy ena 
-o l+e sin amr 


[Hermire, Crelle’s Journal, Vol. XCI-] 


+0 gact+z) 
e@)= Reh 


-o 1+ et+2 

















e 
(Consider the integral 
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which has all the straight lines y = (2k + 1)7 for cuts, and which remains con- 
stant in the strip included between two consecutive cuts. Then establish the 
relations ; 

@(z + 2ai) = B(z) + 2 wie™, @(z + 2ri) = 2" H(z), 
where z and z + 27ri are two points separated by the cut y = 7.) 


7*, Let f(z) be an analytic function in the neighborhood of the origin, so that 
f (2) =Zanz". Denote by F(z) = Zanz"/n! the associated integral function. It is 
easily proved that we have 
az 
(1) F(az)= : Fu) 


- e” du, 
2mi JC) uw 





where the integral is taken along a closed curve C, including the origin within 
it, inside of which f(z) is analytic. From this it follows that 


u G- 
(2) i 6 4F (12) da = = pee EOD u fe" ( 1) ie 
0 


where / denotes a real and positive number. 
If the real part of z/w remains less than 1 — e(where e > 0) when wu describes 


the curve C, the integral 
Thala 
at oe i 
0 


approaches u/(u — z) uniformly as / becomes infinite, and the formula (2) be- 
comes at the limit 

sic 1 u) dr 

(8) a e— *F (az) da = — LUee =n 

0 271i JC) U— Zz 

This result is applicable to all the points within the negative pedal curve of C. 

[Borer, Lecons sur les séries divergentes. | 

8*, Let f(z) = Za,z", $ (z) = Bb, z” be two power series whose radii of conver- 

gence are r and p respectively. The series 
p (Zz) = Zaydpz” 


has a radius of convergence at least equal to rp, and the function y(z) has no 
other singular points than those which are obtained by multiplying the quanti- 
ties corresponding to the different singular points of f(z) by those corresponding 
to the singular points of ¢ (2). 


[Hapamarp, Acta mathematica, Vol. XXIII, p. 55.] 


CHAPTER V 


ANALYTIC FUNCTIONS OF SEVERAL VARIABLES 
I. GENERAL PROPERTIES 


In this chapter we shall discuss analytic functions of several 
independent complex variables. For simplicity, we shall suppose 
that there are two variables only, but it is easy to extend the results 
to functions of any number of variables whatever. 


91. Definitions. Let z=u-+ vi, z'=w-+ti be two independent 
complex variables; every other complex quantity Z whose value 
depends upon the values of z and 2! can be said to be a function of 
the two variables z and z'. Let us represent the values of these two 
variables z and 2’ by the two points with the coérdinates (uw, v) and 
(w, t) in two systems of rectangular axes situated in two planes P, P’, 
and let A, A' be any two portions of these two planes. We shall say 
that a function Z = f(z, z') is analytic in the two regions A, A! if 
to every system of two points 2, 2’, taken respectively in the regions 
A, A', corresponds a definite value of f(z, 2'), varying continuously 
with z and 2', and if each of the quotients 


fethe-f@) f@2'+H)-f@ 2) 
h k 





approaches a definite limit when, z and z' remaining fixed, the 


absolute values of % and & approach zero, These limits are the 
partial derivatives of the function f(z, 2'), and they are represented 
by the same notation as in the case of real variables. 

Let us separate in f(z, 2') the real part and the coefficient of 4, 
I (%, #')= X + Yi; X and ¥ are real functions of the four independ- 
ent real variables u, v, w, ¢, satisfying the four relations 

CMDEOY: OX oY OX Sy OY. Oxo Y 
du dv’ avn Gw Ot’ tlw’ 


the significance of which is evident.* We can eliminate Y in six 








* If z and 2’ are analytic functions of another variable x, these relations enable us 
to demonstrate easily that the derivative of f(z, z’) with respect to x is obtained by the 
usual rule which gives the derivative of a function of other functions. The formule 
of the differential calculus, in particular those for the change of variables, apply, 
therefore, to analytic functions of complex variables. 
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different ways by passing to derivatives of the second order, but 
the six relations thus obtained reduce to only four: 





GA: "aA eye ORR 3 SO 
1 Ouwdt Ovow : Gudw  Ovot—”’ 
C7. aaah 2 oan, ait Seea cnet 
ou? at’ Ow? Uf ae 


Up to the present time little use has been made of these relations 
for the study of analytic functions of two variables. One reason for 
this is that they are too numerous to be convenient. 


92. Associated circles of convergence. The properties of power series 
in two real variables (I, §§ 190-192, 2d ed.; $§ 185-186, 1st ed.) are 
easily extended to the case where the coefficients and the variables 
have complex values. Let 


(2) F(2, z') = Sing 2” 2 
be a double series with coefficients of any kind, and let 


Ay = [a 


mel 


We have seen (I, §190, 2d ed.) that there exist, in general, an 
infinite number of systems of two positive numbers R, R' such that 
the series of absolute values 


(3) 3A,,,2"Z" 


is convergent if we have at the same time Z< R and Z'< R', and 
divergent if we have Z>R and Z'>R'. Let C be the circle de- 
scribed in the plane of the variable z about the origin as center with 
the radius R; similarly, let C’ be the circle described in the plane of 
the variable z' about the point z’=0 as center with the radius R’ 
(Fig. 36). The double series (2) is absolutely convergent when the 
variables z and z' are respectively in the interior of the two circles C 
and C', and divergent when these variables are respectively exterior to 
these two circles (I, §191, 2d ed.; § 185, 1st ed.). The circles C, C' 
are said to form a system of associated circles of convergence. This 
set of two circles plays the same part as the circle of convergence 
for a power series in one variable, but in place of a single circle 
there is an infinite number of systems of associated circles for a 
power series in two variables. For example, the series 


! 
pe le 


nul n! 
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is absolutely convergent if |z|+|z'|<1, and in that case only. 
Every pair of circles C, C' whose radii R, R' satisfy the relation 
R + R'=1is a system of associated circles. It may happen that we 
can limit ourselves to the consideration of a single system of asso- 
ciated circles; thus, the series Sz"z" is convergent only if we have 
at the same time |z| <1 and |z'| <1. 

Let C, be a circle of radius R,<R concentric with C; similarly, 
let Cy be a circle of radius Rj < R' concentric with C'; when the 
variables 2 and z' remain within the circles C, and Cj respectively, 





Fic. 386 


the series (2) is uniformly convergent (see I, § 191, 2d ed.; § 185, 
1st ed.) and the sum of the series is therefore a continuous function 
F(z, 2') of the two variables z, z' in the interior of the two circles 
© and C* 

Differentiating the series (2) term by term with respect to the 
variable z, for example, the new series obtained, 3ma,,,2"~!z"™, is again 
absolutely convergent when z and z' remain in the two circles C and 
C' respectively, and its sum is the derivative 0F/éz of F(z, 2") with 
respect to z. The proof is similar in all respects to the one which has 
been given for real variables (I, § 191, 2d ed.; § 185, 1st ed.). Simi- 
larly, F(z, 2’) has a partial derivative 0F/dz' with respect to z', which 
is represented by the double series obtained by differentiating the 
series (2) term by term with respect to z'. The function F(z, z') is 
therefore an analytic function of the two variables z, 2' in the pre- 
ceding region. The same thing is evidently true of the two deriva- 
tives 0F /éz, OF /éz', and therefore F(z, z') can be differentiated term 
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by term any number of times; all its partial derivatives are also 
analytic functions. 

Let us take any point z of absolute value 7 in the interior of C, and 
from this point as center let us describe a circle ¢ with radius k —r 
tangent internally to the circle C. In the same way let z' be any point 
of absolute value r! < R',and c' the circle with the point z' as center 
and R' — r'as radius. Finally, let 2 + 4 and z'+ k be any two points 
taken in the circles ¢ and e! respectively, so that we have 

ljz|+|A|<R, j2'|+[k|< Rk’. 
If we replace z and 2’ in the series (2) by z + /4 and 2' +k, we can 
develop each term in a series proceeding according to powers of / 
and k, and the multiple series thus obtained is absolutely convergent. 
Arranging the series according to powers of # and k, we obtain the 


Taylor expansion 
om + ni 


m In 
ae Ost 


—— hm ke 
mm. nN. 





(4) F@+h,2'+kh)=> 


93. Double integrals. When we undertake to extend to functions 
of several complex variables the general theorems which Cauchy 
deduced from the consideration of definite integrals taken between 
imaginary limits, we encounter difficulties which have been com- 
pletely elucidated by Poincaré.* We shall study here only a very 





Fie. 37 


simple particular case, which will, however, suffice for our subse- 
quent developments. Let f(z, 2") be an analytic function when the 
variables z, 2' remain within the two regions A, A' respectively. 
Let us consider a curve ab lying in A (Fig. 37) and a curve a'd' 
in A', and let us divide each of these curves into smaller arcs by 
any number of points of division. Let 2,, 4, 2,,+++) 2a %°¢ +) Z 








* PoIncaRR, Sur Jes résidus des intégrales doubles (Acta mathematica, Vol. IX). 
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be the points of division of a4, where z, and Z coincide with a and 4, 
and let 25, 21, 22, -- +, 21-1) 249° **) 2m—1y Z’ be the points of division 
of a'b', where z and Z' coincide with a’ and 6’. The sum 


n ™m 
©) S=D) DY fGen 1) %e — a) Hh — %a)s 
(aaah fpesik 


taken with respect to the two indices, approaches a limit, when the 
two numbers m and » become infinite, in such a way that the abso. 
lute values |z, — %,_,| and |z; — 2,_,| approach zero. Let f(z, 2!) 
=X+ Yi, where X and Y are real functions of the four variables 
u, v, w, t; and let us put 2, = wu, + vt, 2, = w, +t,i. The general 
term of the sum S can be written in the form 


[X (yin, Vers Wry tha) + OY (Una Ue-135. Wav 4-1) ] 
x [ey — ee_p + AY — Up_a) | [w, — wy, Fit, — tr_1)|; 


and if we carry out the indicated multiplication, we have eight 
partial products. Let us show, for example, that the sum of the 
partial products, 


nm 
(6) > 3 X (Upay Ver}, Wa—ay G1) (Ue — U1) (Wn — Wn-1); 
k=1 k=1 

approaches a limit. We shall suppose, as is the case in the figure, 
that the curve ad is met in only one point by a parallel to the axis Ov, 
and, similarly, that a parallel to the axis Ot meets the curve a’6! in at 
most one point. Let v = ¢(w),t=wy(w) be the equations of these 
two curves, w, and U the limits between which w varies, and w, and 
W the limits between which w varies. If we replace the variables v 
and ¢ in X by $(w) and W(w) respectively, it becomes a continuous 
function P (uw, w) of the variables w and w, and the sum (6) can again 
be written in the form 


n 


m 
(6') > oe P (Up 3) Wn—1) (Ue — Ue—1) (Wy, — Wh-1)- 
k=1 h=1 
As m and n become infinite, this sum has for its limit the double 
integral ff? (u, w)dudw extended over the rectangle bounded by the 
straight lines u = u,,u=U,w=w,, w= W. 
This double integral can also be expressed in the form 


U Ww 
{ du al P(u, w) dw, 
Mo Wy 
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or again, by introducing line integrals, in the form 


(7) ui aw f X(u, v3; w, t)dw. 
(ab) (a/b’) 


In this last expression we suppose that ~ and v are the codrdinates 
of any point of the arc ad, and w, ¢t the coérdinates of any point of 
the are a'b'. The point (wu, v) being supposed fixed, the point (w, 7) 
is made to describe the are ab’, and the line integral fX dw is taken 
along a'b!. The result is a function of u, v, say R(u, v); we then 
calculate the line integral fF (u, v)du along the are ab. 

The last expression (7) obtained for the limit of the sum (6) is 
applicable whatever may be the paths ad and a'b'. It suffices to break 
up the arcs ab and a'‘b' (as we have done repeatedly before) into. 
ares small enough to satisfy the previous requirements, to associate 
in all possible ways a portion of ab with a portion of a'd', and then 
to add the results. Proceeding in this way with all the sums of par- 
tial products similar to the sum (6), we see that S has for its limit 
the sum of eight double integrals analogous to the integral (7). 
Representing that limit by ff F(z, z')dzdz', we have the equality 


[fre 2 \dede! == aft auf Xdw — ao fi Xdt 
(ab) (a’b') (ab) (a’b’) 
_ f am f Ydt — f ae f Ydw 
( 8) (ab) (a’b’) (ab) (a’b’) 
+if mf Ydw — if av fi Ydt 
(ab) (a’d’) (ab) (a’b’) 
+7 uf du i Xdt +7 ifr dv i) Xdw, 
(ab) (a’b’) (ab) (a’b’) 


which can be written in an abridged form, 


[fee 2!) dz dz! =f (du + iav) f (X + ¢Y) (dw + idt), 
(ab) (a@’b’) 


or, again, 


(9) [fre 2) dzdz' =f ae f F(z, 2') dz'. 
(ab) (a’b’) 


The formula (9) is precisely similar to the formula for calculating 
an ordinary double integral taken over the area of a rectangle by 
means of two successive quadratures (I, § 120, 2d ed.; § 123, 1st ed.). 
We calculate first the integral f F(z, 2!) dz' along the are a'b', supposing 
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z constant; the result is a function @(z) of z, which we integrate 
next along the are ab. As the two paths ab and a/b’ enter in 
exactly the same way, it is clear that we can interchange the order 
of integrations. 

Let M be a positive number greater than the absolute value of 
F(z, 2') when z and 2! describe the arcs ab and ab’. If LZ and L' 
denote the lengths of the respective ares, the absolute value of the 
double integral is less than MLL' (§ 25). When one of the paths, a'b' 
for example, forms a closed curve, the integral i hae ol 2") dz' will 
be zero if the function F(z, 2') is analytic for all the values of z' in 
the interior of that curve and for the values of z on ab. The same 
thing will then be true of the double integral. 


94. Extension of Cauchy’s theorems. Let C, C’ be two closed curves 
without double points, lying respectively in the planes of the variables 
z and 2’, and let F(z, 2") be a function that is analytic when 2 and 2! 
remain in the regions limited by these two curves or on the curves 
themselves. Let us consider the double integral 


taf af ae aCe 


where x is a point inside of the boundary C and where 2’ is a point 
inside of the boundary C'; and let us suppose that these two bound- 
aries are described in the positive sense. The integral 


F(a, z!) dz! 
cn =a) (= zh)” 


where z denotes a fixed point of the boundary C, is equal to 
2ai F(z, «')/(2—x). We have, then, 


F ' 
ra 2mif D2 as 
© %—-% 


or, applying Cauchy’s theorem once more, 
I[=—47'F(a, x’). 
This leads us to the formula 
1 F(z, 2!) dz! 
10 F(a e)=— zeal de f 2 
a ( ) Thal bes Loy (® — 2) (2! — 2)’ 


which is completely analogous to Cauchy’s fundamental formula, and 
from which we can derive similar conclusions. From it we deduce 
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the existence of the partial derivatives of all orders of the function 
F(z; 2') in the regions considered, the derivative o"*" F'/¢x" 6x" hav- 
ing a value given by the expression 


Cae ol meee Ab (2, 2) dz! 
eye cea ee ae aa a 
Gy) Cal" Ox!” @) (2 - _ see — ayn tt 


In order to obtain Taylor’s formula, let us suppose that the 
boundaries Cand C’ are the circumferences of circles. Let a be the 
center of C, and RF its radius; 6 the center of C', and R' its radius. 
The points # and x! being taken respectively in the interior of these 
circles, we have |a—a|=r<k and |#’—b|=7'<R'. Hence the 
rational fraction 


pesd iat) 1 
@—a@—#) [e-a-@— Ol —b-@' 5] 


can be developed in powers of « — a and a! — 4, 











09 =f co (x = CD gl Cl ae by" 
aa) eae oe 


where the series on the right is uniformly convergent when 2 and 2! 
describe the circles C and C' respectively, since the absolute value of 
the general term is (7/R)"(7'/R')"/RR'. We can therefore replace 
1/(2 — x)(#' — «') by the preceding series in the relation (10) and 
integrate term by term, which gives 








F(a, a = 








aS py (a — a)™ (a! — nf dz F(z, 2')dz! 


n=0 n= ¢ yz — aymtt(2! — byte 


Making use of the results obtained by replacing « and x' by a and 
in the relations (10) and (11), we obtain Taylor’s expansion in the 
form 


+o +0 On tny (x pet ay (a a by 
12 F(a, 0) = Ea 
CS Oe Co) > oa” ob" min! 


m=0 n=0 





where the combination m = n = 0 is excluded from the summation. 
Note. The coefficient a,,, of (a —a)™(a'— 6)" in the preceding 
series is equal to the double integral 


i F AUN Pal 
ROS coy (% — a) (ane O)a ts 
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If M is an upper bound for | /*(z, 2')| along the circles C and C’, we 
have, by a previous general remark, 
il M M 
| mal < Fos Fetip_mai 27h. 27R' = R™R'™ 
The function 





is therefore a dominant function for F(x, x’) (I, § 192, 2d ed.; 
§ 186, 1st ed.). 


95. Functions represented by definite integrals. In order to study 
certain functions, we often seek to express them as definite integrals 
in which the independent variable appears as a parameter under the 
integral sign. We have already given sufficient conditions under 
which the usual rules of differentiation may be applied when the 
variables are real (I, §§ 98, 100, 2d ed.; § 97, 1st ed.). We shall 
now reconsider the question for complex variables. 

Let F(z, z') be an analytic function of the two variables z and 2! 
when these variables remain within the two regions A and A! respec- 
tively. Let us take a definite path Z of finite length in the region A, 
and let us consider the definite integral 


(13) ® (x) =[ PG x) dz, 


where x is any point of the region A’. To prove that this function 
(x) is an analytic function of a, let us describe about the point x as 
center a circle C with radius R, lying entirely in the region A’. Since 
the function F(z, 2') is eae Cauchy’s fundamental formula gives 


i F(z ees 
F@2=a5 |. a 


a! —o 


whence the integral (13) can be written in the form 





F(@, 2) daz! 


1 
10 ar pen ar 





Let « + Az be a point near x in the circle C; we have, similarly, 


F(z a 
®(2 + Ax) = ahs ae ee 
2 171 Gy IO 


2! — ¢ — Ax 
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anc consequently, by a the calculation already made (§ 38), 


(a + Av)— O(@) _ a F@ 2c 
a = ©) 


Ax 
ap oS 


Let 4 be a positive number greater than the absolute value of 
F(z, 2') when the variables z and z' describe the curves L and C 
respectively ; let S be the length of the curve Z; and let p denote the 
absolute value of Av. The absolute value of the second integral is 
less than 





M MS 
 __"_9e7R,§ =—P—_;; 
2m RYR — p) R(R—p)’ 
hence it approaches zero when the point a -+ Aw approaches a in- 
definitely. It follows that the function (a) has a unique derivative 


which is given by the expression 


1 m8 F(z, 2') dz! 
Ti : (2! — x)? 





@'(a) = * 
But we have also Si 33) 


AIA TS Ble, 2!) dz! 
a= = ) 


(2! — a)? ; 


and the preceding relation can be again written 


OF 
(14) (x =/ — (dz. 
(a) ise 


Thus we obtain again the usual formula for differentiation under the 
integral sign. 

The reasoning is no longer valid if the path of integration 7 
extends to infinity. Let us suppose, for definiteness, that ZL is a 
ray proceeding from a point a, and making an angle @ with the 
real axis. We shall say that the integral 


®(x) =| F@ x) dz 


% 
is uniformly convergent if to every positive number ¢ there can 
be made to correspond a positive number WN such that we have 


i) oe ® x) dz 
a, + pe’? 


0 


<e, 
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provided that p is greater than N, wherever x may be in A’. By 
dividing the path of integration into an infinite number of recti- 
linear segments we prove that every uniformly convergent integral 
is equal to the value of a uniformly convergent series whose terms 
are the integrals along certain segments of the infinite ray Z. All 
these integrals are analytic functions of x; therefore the same is 
true of the integral [," F(z, x)dz (§ 39). 

It is seen, in the same way, that the ordinary formula for differen- 
tiation can be applied, provided the integral obtained, i , (GF /0x) dz, 
is itself uniformly convergent. 

If the function F(z, 2’) becomes infinite for a limit a, of the path 
of integration, we shall also say that the integral is uniformly con- 
vergent in a certain region if to every positive number e a point 
a, +7 on the line Z can be made to correspond in such a way that 


v | 
af F(z, «)dz|\<e, 


ot” 





where } is any point of the path Z lying between a, and a, + 7, the 
inequality holding for all values of x in the region considered. 
The conclusions are the same as in the case where one of the mits 
of the integral is moved off to infinity, and they are established in 
the same way. 


96. Application to the T function. The definite integral taken along the real axis 


+ 2 
(15) T (2) sili {z-1e-tdl, 
0 


which we have studied only for real and positive values of z (I, § 94, 2d ed.; 
§ 92, 1st ed.), has a finite value, provided the real part of z, which we will denote 
by R(z), is positive. In fact, let z=a + yi; this gives |¢2-le-*|=te—le-z, 


Since the integral ee 
if te1e-* dt 
0 


has a finite value if x is positive, it is clear that the same is true of the integral 
(15) (I, §§ 91, 92, 2d ed.; §§ 90, 91, Ist ed.). This integral is uniformly con- 
vergent in the whole region defined by the conditions N>R(z)>7, where NV 
and y are two arbitrary positive numbers, In fact, we can write 


1 +o 
ra ere-tdt + f {z-1e-tdt, 
0 1 


and it suffices to prove that each of these integrals on the right is uniformly 
convergent. Let us prove this for the second integral, for example. Let / be a 
positive number greater than one. If R(z)< N, we have 


+ 2 + 
ik ete-tail< f t¥-1e-tdt, 
1 U 
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and a positive number A can be found large enough to make the last integral 
less than any positive number e whenever 1=A. The function I (z), defined by 
the integral (15), is therefore an analytic function in the whole region of the 
plane lying to the right of the y-axis. This function I (z) satisfies again the 
relation 


(16) l(zZ+1)=a2l'(2), 
obtained by integration by parts, and consequently the more general relation 
(17) Tigt+ny=z224+1)---@+n—1)T (2), 


which is an immediate consequence of the other. 
This property enables us to extend the definition of the T function to values 
of z whose real part is negative. For consider the function 


(z+ n) 


(18) VO ye Cy 


where nv is a positive integer. The numerator I (z + n) is an analytic function 
of z defined for values of z for which R(z) >— ; hence the function y (z) isa 
function analytic except for poles, defined for all the values of the variable 
whose real part is greater than — n. Now this function y (z) coincides with the 
analytic function T(z) to the right of the y-axis, by the relation (17); hence it 
is identical with the analytic extension of the analytic function T(z) in the 
strip included between the two straight lines R(z) = 0, R(z) =— n. Since the 
number 7 is arbitrary, we may conclude that there exists a function which is 
analytic except for the poles of the first order at the points z=0, z=—1, 
Z=— 2,---,z=—n,---, and which is equal to the integral (15) at all points to 
the right of the y-axis. This function, which is analytic except for poles in the 
finite plane, is again represented by I’ (z); but the formula (15) enables us to 
compute its numerical value only if we have R(z)>0. If R(z)<0, we must also 
make use of the relation (17) in order to obtain the numerical value of that 
function. 

We shall now give an expression for the I function which is valid for all 
values of z. Let S(z) be the integral function 


+ 


s@=2]] (14 2)e%, 


(elt 


which has the poles of I'(z) for zeros. The product S(z) I'(z) must then be 
an integral function. It can be shown that this integral function is equal to 
e-©, where C is Euler’s constant * (I, § 18, Ex., 2d ed.; § 49, Note, Ist ed.), 
and we derive from it the result 


+o 


1 i 2\ == 
(19) at resns LL = 


od: 





which shows that 1/1 (z + 1) is a transcendental integral function. 





* Hermite, Cours d’Analyse, 4th ed., p. 142. 
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97, Analytic extension of a function of two variables. Let u = F(z, z’) be an 
analytic Iunction of the two variables z and 2’ when these two variables remain 
respectively in two connected regions A and A’ of the two planes in which we 
represent them. It is shown, as in the case of a single variable (§ 83), that the 
value of this function fer any pair of points z, z’ taken in the regions A, A’ is 
determined if we know the values of F and of all its partial derivatives for a 
pair of points z = a, z’ = b taken in the same regions. It now appears easy to 
extend the notion of analytic extension to functions of two complex variables. 
Let us consider a double series 2a,,,, such that there exist two positive numbers 
r, ” having the following property: the series 


(20) EB(é, 2) =2a,,22% 


is convergent if we have at the same time |z| <7, |z’| <1’, and divergent if we 
have at the same time |z|>1, |z’|>7’. The preceding series defines, then, a 
function F(z, 2’) which is analytic when the variables z, 2’ remain respectively 
in the circles C, O’ of radii r and 7’; but it does not tell us anything about the 
nature of this function when we have |z|>~r or |z’|>7’. Let us suppose for 
definiteness that we cause the variable z to move over a path L from the origin 
to a point Z exterior to the circle C, and the variable 2’ to travel over another 
path Z’ from the point z’ = 0 to a point Z’ exterior to the circle C’. Let a and 
8 be two points taken respectively on the two paths L and L’, @ being in the 
interior of C and in the interior of C’. The series (20) and those which are 
obtained from it by successive differentiations enable us to form a new power 
series, 
(21) Zdmn (Z — ay" (2° — B)", 


which is absolutely convergent if we have |z— a|<r, and |z — B| <7}, where 
r, and 7; are two suitably chosen positive numbers. Let us call C, the circle of 
radius r, described about the point @ as center in the plane of z, and Cj the 
circle of radius r; described in the plane of z’ about the point 8 as center. If z 
is in the part common to the two circles C and C,, and the point z in the part 
common to the two circles C’ and Cj, the value of the series (21) is the same as 
the value of the series (20). If it is possible to choose the two numbers 7, and r; 
in such a way that the circle C, will be partly exterior to the circle C, or the 
circle CO; partly exterior to the circle C’, we shall have extended the definition 
of the function F(z, z’) to a region extending beyond the first. Continuing in 
this manner, it is easy to see how the function F(z, 2’) may be extended step by 
step. But there appears here an important new consideration: It is necessary 
to take into account the way in which the variables move with respect to each other 
on their respective paths. The following is a very simple example of this, due to 
Sauvage.* Letu=Vz—2 +1; for the initial values let us take z =z’ = 0,u=1. 
and let the paths described by the variables z, 2’ be defined as follows: 1) The 
path described by the variable z’ is composed of the rectilinear segment from 
the origin to the point z’ = 1. 2) The path described by z is composed of three 
semicircumferences: the first, OMA (Fig. 38), has its center on the real axis to 











* Premiers principes de la théorie générale des fonctions de plusieurs variables 
(Annales de la Faculté des Sciences de Marseille, Vol. XIV). This memoir is an 
excellent introduction to the study of analytic functions of several variables. 
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the left of the origin and a radius less than 1/2; the second, ANB, also has its 
center on the real axis and is so placed that the point — 1 is on its diameter AB ; 
finally, the third, BPC, has for its center the middle point of the segment joining 
the point B to the point C(z=1). The first and the third of these semicircum- 
ferences are above the real axis, and the second is below, so that the bound- 
ary OMANBPCO incloses the point z=— 1. Let us now select the following 
movements : 

1) 2 remains zero, and z describes the entire path OABC ; 

2) z remains equal to 1, and 2’ describes its whole path. 

If we consider the auxiliary variable t = z — z’, it is easily seen that the path 
described by the variable t, when that variable is represented by a point on the 





Fie. 38 


z plane, is precisely the closed boundary OA BCO which surrounds the critical 
point ¢ =— 1 of the radical Vt +1. The final value of u is therefore u =—1. 

On the other hand, let us select the following procedure : 

1) z remains zero and 2’ varies from 0 to 1— e (e being a very small positive 
number) ; 

2) 2 remains equal to 1— e, and z describes the path OA BC; 

3) z remains equal to 1, and 2’ varies from 1— e to 1. 

When 2’ varies from 0 to 1—e, the auxiliary variable ¢ describes a path OO’ 
ending in a point O’ very near the point — 1 on the real axis. When z describes 
next the path OA BC, t moves over a path O’A’B’O’ congruent to the preceding 
and ending in the point C’(OC’ = e) on the real axis. Finally, when 2’ varies 
from 1—e to 1, ¢ passes from ©’ to the origin. Thus the auxiliary variable ¢ 
describes the closed boundary O0’A’B’C’0O which leaves the point —1 on its 
exterior, provided e is taken small enough. The final value of wu will therefore 
be equal to + 1, 

Very much less is known about the nature of the singularities of analytic 
functions of several variables than about those of functions of a single variable. 
One of the greatest difficulties of the problem lies in the fact that the pairs of 
singular values are not isolated.* 








*For everything regarding this matter see a memoir by Poincaré in the Acta 
mathematica (Vol. XXVI), and P. Cousin’s thesis (Ibid. Vol. XIX). 
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Il. IMPLICIT FUNCTIONS. ALGEBRAIC FUNCTIONS 


98. Weierstrass’s theorem. We have already established (I, § 193, 
2d ed.; § 187, 1st ed.) the existence of implicit functions defined by 
equations in which the left-hand side can be developed in a power 
series proceeding in positive and increasing powers of the two 
variables. The arguments which were made supposing the variables 
and coefficients real apply without modification when the variables 
and the coefficients have any values, real or imaginary, provided we 
retain the other hypotheses. We shall establish now a more general 
theorem, and we shall preserve the notations previously used in that 
study. The complex variables will be denoted by x and y. 

Let F(a, y) be an analytic function in the neighborhood of a 
pair of values «=a, y=, and such that we have F(a, B)= 0. 
We shall suppose that a = 8 = 0, which is always permissible. The 
equation F(0, y)= 0 has the root y = 0 to a certain degree of mul- 
tiplicity. The case which we have studied is that in which y = 0 is 
a simple root; we shall now study the general case where y = 0 is a 
multiple root of order m of the equation F(0, y)= 0. If we arrange 
the development of F(x, y) in the neighborhood of the point « = y= 0 
according to powers of y, that development will be 


(22) Fa, Y=A, +Ay +.--+4A,7" + Aga fees, 


where the coefficients A; are power series in x, of which the first n 
are zero for x = 0, while A, does not vanish for «= 0. Let Cand C’ 
be two circles of radii R and RF! described in the planes of « and y 
respectively about the origin as center. We shall suppose that the 
function F(x, y) is analytic in the region defined by these two circles 
and also on the circles themselves; since A, is not zero for «=0, we 
may suppose that the radius R of the circle C is sufficiently small 
so that A, does not vanish in the interior of the circle C nor on the 
circle. Let M be an upper bound for | F(a, v)| in the preceding region 
and Ba lower bound for |4,|. By Cauchy’s fundamental theorem 


we have 
it F(x, y')dy' 
F(a, Y) = ais aie 
Vay EF AY 


where x and y are any two points taken in the circles C and C’; 
from this we conclude that the absolute value of the coefficient A,, 
of 7” in the formula (22) is less than M/R'™, whatever may be the 
value of x in the circle C. 
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We can now write 
(23) Fa, y=A,y? 1+ P + Q), 
where 


A 
P= ude ka 


A 1 paw 
Q= we rr a retake 2 Amie 
Let p be the absolute value of y; we have 
oad 
p ehy7 eR 
IP\<gaalgit pat *BRe Top 
R' 


and this absolute value will be less than 1/2 if we have 


Bde 


a 
(24) p < R ISIE Se 2M 


On the other hand, let #(”) be the maximum value of the absolute 
values of the functions 4,, 4,,---, A, , for all the values of x for 
which the absolute value does not exceed a number 7 < R. Since 
these » functions are zero for « = 0, u(7) approaches zero with 7, 
and we can always take 7 so small that 


ce if 1 
(25) sole ee bee (7 <R), 


where p is a definite positive number. The numbers 7 and p having 
been determined so as to satisfy the preceding conditions, let us re- 
place the circle C by the circle C,, described in the x-plane with the 
radius 7 about the point x = 0 as center, and similarly in the y-plane 
the circle C' by the concentric circle C, with the radius p. If we give 
to « a value such that |w#|=7, and then cause the variable y to 
describe the circle C,, along the entire circumference of this circle we 
have, from the manner in which the numbers 7 and p have been chosen, 
|P|< 1/2, |Q|< 1/2, and therefore |P + Q| <1. If the variable x 
describes the circle Cj; in the positive sense, the angle of 1+ P + Q 
returns to its initial value, whereas the angle of the factor A,y” in- 
creases by 2mm. The equation F(x, y)= 0, in which |x| S 1, therefore 
has n roots whose absolute values are less than p, and only n. 

All the other roots of the equation F(z, y)= 0, if there are any, 
have their absolute values greater than p. Since we can replace the 
number p by a number as small as we wish, less than p, if we replace 
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at the same time 7 by a smaller number satisfying always the con- 
dition (25), we see that the equation /’'(a, y) = 0 has roots and only 
n which approach zero with a. 

If the variable « remains in the interior of the circle C,. or on its 
circumference, the n roots y,, ¥,, +++, Y,, Whose absolute values are less 
than p, remain within the circle Cj. These roots are not in general 
analytic functions of x in the circle C,, but every symmetric integral 
rational function of these n roots is an analytic function of a in this cir- 
cle. It evidently suffices to prove this for the sum yf + 74 + ---+ 7%, 
where k is a positive integer. Let us consider for this purpose the 


double integral { F) eee y' 
_ da! | 
T= dy' fy 
(Cp) (Cr) Fewwy Phas fee 


where we suppose |x| <r. If |y'| =p, the function F(z’, y') cannot 
vanish for any value of the variable x' within or on C,, and the only 
pole of the function under the integral sign in the interior of the 
circle C, is the point «= «a. We have, then, 


OF (x', y') OF (x, y') 


a oy' deel oy! 


yl! —— = 2 riy’* ———_» 
Pe F(v',y') a'—« 1 F@,y) 
and consequently 
OF (x, y') 
oy! ' 


VI y! nen 
(Ch) F(a, y') 


By a general theorem (§ 48) this integral is equal to 
Be Tc Uh ctr), 


where 7,, Yo) +++, Yn are the m roots of the equation F(x, v)= 0 with 
absolute values less than p. On the other hand, the integral 7 is an 
analytic function of « in the circle C,, for we can develop 1/(x' — x) 
in a uniformly convergent series of powers of x, and then calculate 
the integral term by term. The different sums Sy being analytic 
functions in the circle C,, the same thing must be true of the sum 
of the roots, of the sum of the products taking two at a time, and so 
on, and therefore the n roots ¥,, 7,, +++, Y% are also roots of an equa- 
tion of the nth degree 


26 2,y=y tay +a,y" 7? +---+a_1y +4, = 9, 
1 2 
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whose coefficients @,, @,,---, @, are analytic functions of « in the 
circle C, vanishing for x = 0. 

The two functions F(x, y) and f(a, y) vanish for the same pairs 
of values of the variables a, y in the interior of the circles C, and C;. 
We shall now show that the quotient F(x, y)/f(a, y) is an analytic 
function in this region. Let us take definite values for these vari- 
ables such that |z|<7, |y|<p, and let us consider the double 
integral 





: i AP F(a', y') dx! 
= a ° 
oy Heont # ') @! = 2) Y' =) 
For a value of y’ of absolute value p the function f(z', y') of the 
variable «' cannot vanish for any value of x' within or on the circle 


C,. The function under the integral sign has therefore the single 
pole x' = « within C,, and the corresponding residue is 


F(a, y') 


S@yy'-y) 
Hence we have also 
ep hertid geile ys 
pray) y —¥ 





but the two analytic functions F(a, y'), f(x, y') of the variable 7' 
have the same zeros with the same degrees of multiplicity in the 
interior of Cj. Their quotient is therefore an analytic function of 
y' in C;, and the only pole of the function to be integrated in this 
circle is y' = y; hence we have 
Feta Y) 
I (® Y) 

On the other hand, we can replace 1/(«' — x) (y' — y) in the inte- 
gral by a uniformly convergent series arranged in positive powers 
of « and y. Integrating term by term, we see that the integral is 
equal to the value of a power series proceeding according to powers of 
x and y and convergent in the circles C,, C;. Hence we may write 


F(a, yY)=f (a, Y) H(a, Y) 


(27) F(a, yy= (YY + ay +--+ +4,)H(@, y), 
where the function (a, y) is analytic in the circles C,, C}. 

The coefficient A, of y" in F(a, y) contains a constant term dif 
ferent from zero; since a,, @,,---, a, are zero for « = 0, the develop- 
ment of H(«, y) necessarily contains a constant term different from 
zero, and the decomposition given by the expression (27) throws 


or 
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into relief the fact that the roots of F(x, y)= 0 which approach zero 
with x are obtained by putting the first:factor equal to zero. The 
preceding important theorem:is due to Weierstrass.* It generalizes 
at least as far as that is possible for,a, function of several variables, 
the decomposition into factors’ of fuinetiens of a single variable. 


> 


RE 


99. Critical points. In order ‘to, study, the n roots of the equation 
F(x, y) = 0 which become infinitely, small .with x, we are thus led to 
study the roots of an equation of the, form: 


(28) f@y=er+tay { Haype aie -+a, iy +a, =0 


for values of x near zero, where. ay ane 71, 4, are analytic functions 
that vanish for « = 0. When 2.is greater than unity (the only case 
which concerns us), the point.2.= 01 1g in general a critical point. Let 
us eliminate y between the two equations f= 0 and @f/dy = 0; the 
resultant A(x) is a polynomial in the coefficients a,, a,,--+, @,, and 
therefore an analytic function: in, the, Eaichboriosd of the suiih: 
This resultant f is zero for.aj-.0, and, since the zeros of an analytic 
function form a system of, isolated points, we may suppose that we 
have taken the radius r of the circle C,.so small that in the interior 
of C,. the equation A(x) = 0, has no other. root than a = 0. For every 
point x, taken in that circle: other than, the origin, the equation 
¥i@s aye = 0 will have n distinct roots. According to the case already 
studied (I, § 194, 2d ed.; § 188, Ist ed. Mi the n roots of the equation 
(28) will be analytic functions of a in the. neighbor hood of the point 
@y Hence there cannot be.any, other, « critical point than the origin 
in the interior of the ae Cr. 

Let ¥,) Yo. ° ++) Yn be the n “aan of. the, equation Flay =? 0. et 
us cause the variable x to describe, a lgop around the point « = 0, 
starting from the point #,; along, the whole loop the n roots of the 
equation f(x, y)= 0 are distingt,and, vary in a continuous manner. 
If we start from the point:z,, swith. the. root y,, for example, and fol- 
low the continuous variation, sof, that rot along the whole loop, we 
return to the point of departure. with a, final value equal to one of the 
roots of the equation /(«,, D> Oe ‘Te. Hist final value is y,, the root 











* Abhandlungen aus der Hi Rp ‘von ie Weierstrass (Berlin, 1860). The 
proposition can also be demonstrated by making use only of the properties of power 
series and the existence theorem for implicit “fimctions (Bulletin de la Société 
mathématique, Vol. XXXVI, 1908, pp. 209-215). 

+ We disregard the case where the resultant is jdentically zero. In this case f(x, ¥) 
would be divisible by a factor file, ae where ke > 1, fi(z, y) being of the same 
form as f(x, y). 
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considered is single-valued in the neighborhood of the origin. If 
that final value is different from y,, let us suppose that it is equal 
to y, A new loop described in the same sense will lead from the 
root y, to one of the roots ¥,, Y,)-++, Y,. The final value cannot be 
Yo, Since the reverse path must lead from y, to y,. That final value 
must, then, be one of the roots y,, y,,---, y,- If it is y,, we see that 
the two roots y, and y, are permuted when the variable describes 
a loop around the origin. If that final value is not y,, it is one 
of the remaining (n — 2) roots; let y, be that root. A new loop 
described in the same sense will lead from the root y, to one of the 
LOOtS Y,y Yor Yar Yar 1s Yn» At cannot be y,, for the same reason as 
before; neither is it y,, since the reverse path leads from y, to y,. 
Hence that final value is either y, or one of the remaining (n — 3) 
roots Y,, Ysr-°*) Yn- If it is y,, the three roots y,, y¥,, y, permute 
themselves cyclically when the variable a describes a loop around 
the origin. If the final value is different from y,, we shall continue 
to cause the variable to turn around the origin, and at the end of 
a finite number of operations we shall necessarily come back to a 
root already obtained, which will be the root y,. Suppose, for exam- 
ple, that this happens after p operations; the p roots obtained, 
Yy Yor ***> Yp» permute themselves cyclically when the variable x 
describes a loop around the origin. We say that they form a eyclic 
system of p roots. If p =n, the n roots form a single eyche system. 
If p is less than n, we shall repeat the reasoning, starting with one 
of the remaining » — p roots and so on. It is clear that if we con- 
tinue in this way we shall end by exhausting all the roots, and we 
can state the following proposition: The n roots of the equation 
F(a, y)=0, which are zero for «=0, form one or several cyclic 
systems in the neighborhood of the origin. 

To render the statement perfectly general, it is sufficient to agree 
that a cyclic system can be composed of a single root; that root is 
then a single-valued function in the neighborhood of the origin. 

The roots of the same cyclic system can be represented by a unique 
development. Let ¥,, y,,---, y, be the p roots of a cyclic system ; let 
us put «=a'?, Each of these roots becomes an analytic function 
of x! for all values of x’ other than a’ = 0; on the other hand, when 
w' describes a loop around a'=0, the point » describes p succes- 
sive loops in the same sense around the origin. Each of the roots 
Yy Yo ***) Yp returns then to its initial value; they are single-valued 
functions in the neighborhood of the origin. Since these roots ap- 
proach zero when a! approaches zero, the origin 2’ = 0 cannot be 
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other than an ordinary point, and one of these roots is represented 
by a development of the form 


(29) ¥y Te a, 2 a8 i Se Te a5 Gg aE 2 SSE) 
or, replacing «! by x”, 


1 1\2 1\m 

(30) Va wa ote a, (2?) 46 cook ala?) 4+... 

We may now say that the development (30) represents all the roots 
of the same cyclic system, provided that we give to «/? all of its 
p determinations. For, let us suppose that, taking for the radical Vir 
one of its determinations, we have the development of the root y,. 
If the variable « describes a loop around the origin in the positive 
sense, y, changes into y,, and a” is multiplied by e?"/?. It will be 
seen, similarly, that we shall obtain y, by replacing a”? by a7? e217”? 
in the equality (80). This unique development for the system shows 
up clearly the cyclic permutation of the p roots. It would now remain 
to show how we could separate the n roots of the equation F(a, y)= 0 
into cyclic systems and calculate the coefficients a; of the develop- 
ments (30). We have already considered the case where the point 
x = y= 01s a double point (I, § 199, 2d ed.). We shall now treat 
another particular case. 

If for « = y= 0 the derivative @F/éx is not zero, the develop- 
ment of F(a, 7) contains a term of the first degree in «, and we have 


(31) F(@, y) =Axr + By +--:, (AB + 0) 


where the terms not written are divisible by one of the factors a’, xy, 
y”’**, Let us consider y for a moment as the independent variable ; 
the equation F(x, 7) = 0 has a single root approaching zero with y, 
and that root is analytic in the neighborhood of the origin. The 
development which we have already seen how to calculate (I, $§ 35, 
193, 2d ed.; §$ 20, 187, 1st ed.) runs as follows: 


(32) 4 y(a, a ay + oe -). (4, 3a 0} 


Extracting the mth root of the two sides, we find 





1 
(33) at = yVa, + ay +: 


For y = 0 the auxiliary equation wv” =a,+a,y + ---has n dis- 
tinct roots, each of which is developable in a power series according 
to powers of y. Since these n roots are deducible from one of them 
by multiplying it by the successive powers of ¢?””", we can take for 
Va, + ay +--+ in the equality (83) any one of these roots, subject 


to the condition of assigning successively to «/” its n determinations. 
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We can therefore write the equation (33) in the form 
1 
a” by ae by” ae me (, an 0) 
and from this we derive, conversely, a development of y in powers 
Ob as 


(34) Te bar + o,(a*) + Ger 


This development, if we give successively to #”” its n values, 
represents the roots which approach zero with x. These n roots 
form, then, a single cyclic system. 

For a study of the general case we refer the reader to treatises 
devoted to the theory of algebraic functions.* 


100. Algebraic functions. Up to the present time the implicit func- 
tions most carefully studied are the algebraic functions, defined by 
an equation F(a, y) = 0,in which the left-hand side is an irreducible 
polynomial in # and y. A polynomial is said to be irreducible when 
it is not possible to find two other polynomials of lower degree, F(a, 7) 
and F,(«, y), such that we have identically 


F(x, y)= F(@, y) xX F@, 9). 
If the polynomial F(x, y) were equal to a product of that kind, it is 
clear that the equation F(x, y)= 0 could be replaced by two distinct 
equations F(a, y)= 0, F(x, y) = 0. 
Let, then, 


(35) F@, Y= h@)y +o @)y +--+ +obrr@y+9.(x)= 0 
be the proposed equation of degree nm in y, where ¢,, $,,+--+, ¢, are 
polynomials in a Eliminating y between the two relations F = 0, 
oF /éy = 0, we obtain a polynomial A («) for the resultant, which can- 
not be identically zero, since F(a, vy) is supposed to be irreducible. 
Let us mark in the plane the points @,, @,,-++, a, which represent 
the roots of the equation A(«)= 0, and the points B,, B,,---, B,; 
which represent the roots of ¢,(v)= 0. Some of the points a; may 
also be among the roots of ¢,(7)= 0. For a point @ different from 
the points @;, B; the equation I’(a,y¥)=0 has » distinct and finite 
roots, b,, b,,-++, 0,. In the neighborhood of the point a the equation 
(35) has therefore m analytic roots which approach 4,, b,, +++, 0, 
respectively when « approaches a. Let a; be a root of the equation 





*See also the noted memoir of Puiseux on algebraic functions (Jowrnal de Mathé- 
matiques, Vol. XV, 1850). 
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A(«)=0. The equation F(a,, y)= 0 has a certain number of equal 
roots; let us suppose, for example, that it has p roots equal to 0. 
The p roots which approach 6 when x approaches @; group themselves 
into a certain number of cyclic systems, and the roots of the same 
cyclic system are represented by a development in series arranged 
according to fractional powers of z—a,. If the value a, does not 
cause $,(x) to vanish, all the roots of the equation (35) in the neigh- 
borhood of the point a, group themselves into a certain number of 
cyclic systems, some of which may contain only one root. For a point 
8; which makes ¢,(a) zero, some of the roots of the equation (35) 
become infinite; in order to study these roots, we put y =1/y', and 
we are led to study the roots of the equation 


F(x, y')= y"F@, 1/y')= 9, 
which become zero for « = 8;. These roots group themselves again 
into a certain number of cyclic systems, the roots of the same system 
being represented by a development in series of the form 
m mt 
(36) y! = a,,(@ — BP + Oni — Bj) Po vee (2m # 0) 
The corresponding roots of the equation in y will be given by the 
development 


(37) Y= B) >| a + Om 4.1 (% — B,)?-+ te Ake 


which can be arranged in increasing powers of (# — 8,)””, but there 
will be at first a finite number of terms with negative exponents. 

To study the values of y for the infinite values of x, we put « = 1/z', 
and we are led to study the roots of an equation of the same form in 
the neighborhood of the origin. To sum up, in the neighborhood of 
any point « =a the n roots of the equation (35) are represented by 
a certain number of series arranged according to increasing powers 
of x — a or of (a — a)'”, containing perhaps a finite number of terms 
with negative exponents, and this statement applies also to infinite 
values of x by replacing x — « by 1/2. 

It is to be observed that the fractional powers or the negative ex- 
ponents present themselves only for the exceptional points. The 
only singular points of the roots of the equation are therefore the 
critical points around which some of these roots permute themselves 
cyclically, and the poles where some of these roots become infinite ; 
moreover, a point may be at the same time a pole and a critical 
point. These two kinds of singular points are often called elgebrace 
singular points. 
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We have so far studied the roots of the proposed equation only in 
the neighborhood of a fixed point. Suppose now that we join two 
points a =a, x = 6, for which the equation (35) has m distinct and 
tinite roots, by a path 4B not passing through any singular point of 
the equation. Let y, be a root of the equation F(a, y)= 0; the root 
y = f(x), which veduces to y, for « = a, is represented in the neigh- 
borhood of the point @ by a power-series development P(x — a). 
We can propose to ourselves the problem of finding its analytic ex- 
tension by causing the variable to describe the path 18. This is a 
particular case of the general problem, and we know in advance that 
we shall arrive at the point B with a final value which will be a 
root of the equation F(%, y)= 0 (§ 86). We shall surely arrive at 
the point 4 at the end of a finite number of operations ; in fact, the 
radii of the circles of convergence of the series representing the 
different roots of the equation F(a, y)= 0, having their centers at 
different points of the path AB, have a lower limit* § > 0, since this 
patb does not contain any critical points; and it is clear that we 
could always take the radii of the different circles which we use for 
the analytic extension at least equal to 8. 

Among all the paths joining the points 4 and B we can always 
find one leading from the root y, to any given one of the roots of 
the equation F (6, y) = 0 as the final value. The proof of this can be 
made to depend on the following proposition: Jf an analytic func- 
tion z of the variable x has only p distinct values for each value of x, 
and of it has in the whole plane (including the point at infinity) only 
algebraic singular points, the p determinations of 2 are roots of an 
equation of degree p whose coefficients are rational functions of x. 
Let 2,, 2,,°++, % be the » determinations of 2; when the variable 
describes a closed curve, these p values z,, 2, +--+, 2, can only change 
into each other. The symmetric function w, = 2¥ + 26 +.---+4 2%, 
where & is a positive integer, is therefore single-valued. Moreover, 
that function can have only polar singularities, for in the neigh- 
borhood of any point in the finite plane x =a the developments 
of 2, % +++, %, have only a finite number of terms with negative 
exponents. The same thing is therefore true of the development of w,. 
Also, the function , being single-valued, its development cannot con- 
tain fractional powers. The point a is therefore a pole or an ordinary 
point for w,, and similarly for the point at infinity. The function w, 





* To prove this rigorously it suftices to make use of a form of reasoning analogous 
to that of § 84. 
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is therefore a rational function of x, whatever may be the integer 
i; consequently the same thing is true of the simple symmetric 
functions, such as 3¢;, $2;2,,---+, which proves the theorem stated. 

Having shown this, let us now suppose that in going from the 
point @ to any other point « of the plane by all possible paths we 
can obtain as final values only p of the roots of the equation 


F(a, y)= 9, (p<n) 
These p roots can evidently only be permuted among themselves 
when the variable « describes a closed boundary, and they possess 
all the properties of the p branches <,, #,,---, 2, of the analytic 
function 2 which we have just studied. We conclude from this that 
Yy Yor ***>Yy WOuld be roots of an equation of degree p, F(a, y) = 90, 
with rational coetticients. The equation F(a#, y)=0 would have, 
then, all the roots of the equation F,(x, y) = 0, whatever « may be, 
and the polynomial F(x, y) would not be irreducible, contrary to 
hypothesis. If we place no restriction upon the path followed by 
the variable a, the z roots of the equation (35) must then be regarded 
as the distinct branches of a single analytic function, as we have 
already remarked in the case of some simple examples (§ 6). 

Let us suppose that from each of the critical points we make an 
infinite cut in the plane in such a way that these cuts do not cross 
each other. If the path followed by a is required not to cross any 
of these cuts, the 2 roots are single-valued functions in the whole 
plane, for two paths having the same extremities will be transform- 
able one into the other by a continuous deformation without passing 
over any critical point (§ 85). In order to follow the variation of a 
root along any path, we need only know the law of the permutation 
of these roots when the variable describes a loop around each of the 
critical points. 

Note. The study of algebraic functions is made relatively easy by the fact 
that we can determine a priori by algebraic computation the singular points of 
these functions. This is no longer true in general of implicit functions that are 
not algebraic, which may have transcendental singular points. As an example, 


the implicit function y (x), defined by the equation ey — a — 1= 0, has no algebraic 
critical point, but it has the transcendental singular point « =— 1. 


101. Abelian integrals. Every integral /=f{R(a, y)dx, where R(x, y) 
is a rational function of « and y, and where y is an algebraic func- 
tion defined by the equation F(a, 7) = 0, is called an Abelian integral 
attached to that curve. To complete the determination of that inte- 
gral, it is necessary to assign a lower limit #, and the corresponding 
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value y, chosen among the roots of the’ equation F(a, y)= 0. We 
shall now state some of the most important general properties of such 
integrals. When we go froni the point.«, to any point # by all the 
possible paths, all the values of the integral J are included in one 


' 
"Fl: 


of the formulee 

(38) l=1,+ mo, +m,o, +++ +M,o, (k= LOZ, 1) 
where J,, J,,---, J, ave the values of the integral which correspond 
to certain definite paths, mi, m,,-+--+, m, are arbitrary integers, and 
» +++, @, are periods. These periods'are of two kinds; one kind 
results from loops described about the poles of the function R (a, y); 
these are the polar periods. The others come from closed paths 
surrounding several critical’points, called cycles; these are called 
cyclic periods. The number of the distinct cyclic periods depends 
only on the algebraic relation considered, F(a, y)= 0; it is equal 
to 2, where p denotes the deficiency of the curve (§ 82). On the 
other hand, there may be:any number of polar periods. From the 
point of view of the singularities three classes of Abelian integrals 
are distinguished. Those which remain finite in the neighborhood 
of every value of x are called. the jirst kind; if their absolute value. 
becomes infinite, it can only happen through the addition of an 
infinite number. of periods. The integrals of the second kind are 
those which have a single pole, and the integrals of the third kind 
have two logarithmic singular points. Every Abelian integral is a 
sum of integrals of the three kinds; and the number of distinct 
integrals of the first kind ‘is equal tothe deficiency. 

The study of these integrals ‘i$ made very easy by the aid of plane 
surfaces composed of several sheets, called Riemann surfaces. We 
shall not have occasion to cotisider them here. We shall only give, 
on account of its thoroughly elementary character, the demonstra- 
tion of a fundamental theorem, discovered by Abel. 


wo 


102. Abel’s theorem. In.order to- state. the results more easily, let us 
consider the plane curve G represented by the equation F(x, y)= 0, 
and let ®(a, y) be the equatién’of another plane algebraic curve C’. 
These two curves have N jdints in common, (%, ¥), (@, ¥,),°**; 
(ty, yy), the number N being equal to the product of the degrees 
of the two curves. Let R(x, y) be a rational function, and let us 
consider the following sum: 


IR AST) . 
(39) I=) i) R(x, y) der 


t=1 (xp Y%) 
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(yp Y4) 
ih R(a, y)dx 
or Yq) 


denotes the Abelian integral taken from the fixed point x, to a point a, 
along a path which leads y from the initial value y, to the final value y,, 
the initial value y, of y being the same for all these integrals. It is 
clear that the sum / is determined except for a period, since this is 
the case with each of the integrals. Suppose, now, that some of the 
coefficients, a,, a,,-+++, a, of the polynomial @(a, y) are variable. 
When these coefficients vary continuously, the points 2; themselves 
vary continuously, and if none of these points pass through a point 
of discontinuity of the integral fR(a, y)da, the sum / itself varies 
continuously, provided that we follow the continuous variation of 
each of the integrals contained in it along the entire path described 
by the corresponding upper limit. The sum / is therefore a function 
of the parameters @,, @,,---, a, whose analytic form we shall now 
investigate. 

Let us denote in general by 8V the total differential of any func- 
tion V with respect to the variables a,, a,,-+--, a&: 


where 


OV OV 
Shar gaat: ar igak onauee 
By the expression (39) we have 


N 
sr = ye (a:;, y;) 8x. 


i=] 

From the two relations F(«,, y;)= 0, ®(x;, y;)= 0 we derive 

OF OF Ob 0b 

a= Ol ch OY n= Oy a 0x, + =— by; + 58; = 0 
and consequently 8x; = W(a,, y;)d8;, where W(x, y;) is a rational 
function of «;, Y;, @,, Ga) +++, %, and where ®; is put for ®(a;, y;). 
We have, then, — 
or a R (@%) Y;) WV (x;, Yi) do. 
The coefficient of da, on the right is a rational symmetric function 
of the codrdinates of the NV points (#,, y;) common to the two curves 
Cc, C'. The theory of elimination proves that this function is a 
rational function of the coefficients of the two polynomials F(a, y) 
and (a, y), and consequently a rational function of a,, a,, +++, a. 
Evidently the same thing is true of the coefficients of 8a,,---, 8a,, 
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and J will be obtained by the integration of a total differential 
ii = [30 + 17,84, + +++ + 17,8a,, 


where 7,, 7,,+--, 7, are rational functions of @,, a, +++, %- Now 
the integration cannot introduce any other transcendentals than 
logarithms. The sum I is therefore equal to a rational function of 
the coefficients a,, dy,+++, a, plus a sum of logarithms of rational 
functions of the same coefficients, each of these logarithms being 
multiplied by a constant factor. This is the statement of Abel’s 
theorem in its most general form. In geometric language we can 
also say that the sum of the values of any Abelian integral, taken 
from a common origin to the N points of intersection of the given 
curve with a variable curve of degree m, ®(x, y)= 90, tis equal to a 
rational function of the coefficients of ®(a, y), plus a sum of a finite 
number of logarithms of rational functions of the same coefficients, 
each logarithm being multiplied by a constant factor. 

The second statement appears at first sight the more striking, 
but in applications we must always keep in mind the analytic state- 
ment in the evaluation of the continuous variation of the sum J 
which corresponds to a continuous variation of the parameters 
oo °° +) %- The theorem has a precise meaning only if we take 
into account the paths described by the N points a, x,,--+, ®y on 
the plane of the variable a. 

The statement becomes of a remarkable simplicity when the 
integral is of the first kind. In fact, if a,, 7,,---, 7, were not 
identically zero, it would be possible to find a system of values 
(, = %,+++,a, = 4, for which J would become infinite. Let (x{, y), 

++, (ay, yy) be the points of intersection of the curve C with the 
curve C' which correspond to the values a}, ---, a, of the parameters. 


mm G x 
The integral oe 
if R (a, y)dx 
(@ Yo) 


would become infinite when the upper limit approaches one of the 
points (a, y;), which is impossible if the integral is of the first kind. 
Therefore we have 8/ = 0, and, when a,, a,, -- +, a, vary continuously, 
Z remains constant; Abel’s theorem can then be stated as follows: 

Given a fixed curve C and a variable curve C' of degree m, the swm 
of the increments of an Abelian integral of the first kind attached to 
the curve C along the continuous curves described by the points of 
intersection of C with C' is equal to zero. 


a, a 
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Note. We suppose that the degree of the curve C' remains con- 
stant and equal to m. If for certain particular values of the coeffi- 
cients @,, @,,-++, a that degree were lowered, some of the points of 
intersections of C with C' should be regarded as thrown off to 
infinity, and it would be necessary to take account of this in the 
application of the theorem. We mention also the almost evident fact 
that if some of the points of intersection of C with C’' are fixed, it 
is unnecessary to include the corresponding integrals in the sum /. 


103. Application to hyperelliptic integrals. The applications of 
Abel’s theorem to Analysis and to Geometry are extremely numer- 
ous and important. We shall calculate 87 explicitly in the case of 
hyperelliptic integrals. 

Let us consider the algebraic relations 

(40) “eal yesa, gee T 8 A Gee eh re AS 
where the polynomial R(a) is prime to its derivative. We shall 
suppose that A, may be zero, but that 4, and A, may not be zero at 
the same time, so that F(a) is of degree 2p + 1 or of degree 2p + 2. 
Let Q(x) be any polynomial of degree g. We shall take for the 
initial value a, a value of # which does not make R (a) vanish, and 
for y, a root of the equation 7’ = R(a,). We shall put 


Q (a) dar 
VR (a) 





> 





v (x, Y) = 

(Xo Yo) 
where the integral is taken along a path going from a, to x, and 
where y denotes the final value of the radical VR (a@) when. we start 
from x, with the value y, In order to study the system of points 
of intersection of the curve C represented by the equation (40) with 
another algebraic curve C', we may evidently replace in the equation 
of the latter curve an even power of y, such as ¥°”, by [R (ax)]’, and 
an odd power ¥?”*! by y[R(a)]’. These substitutions having been 
made, the equation obtained will now contain y only to the first, 
degree, and we may suppose the equation of the curve C’ of the form 


(41) v4 (#) — fe) = 0, 
where f(x) and $(#) are two polynomials prime to each other, of 
degrees X and p respectively, some of the coefficients of which we 
shall suppose to be variable. The abscissas of the points of intersec- 
tion of the two curves C and C' are roots of the equation . 


(42) W(x) = R (a) p? (x) — f? (a) = 0, 
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of degree N. For special systems of values of the variable coefficients 
in the two polynomials f(«) and ¢(«) the degree of the equation may 
turn out to be less than N; some of the points of intersection are 
then thrown off to infinity, but the corresponding integrals must 
be included in the sum which we are about to study. To each root 
a, of the equation (42) corresponds a completely determined value 
of y given by y;= f(«,)/(a;). Let us now consider the sum 


@pWQ Q (a) dx dz. 
aS o(e, 7G.) = a VR) 


i=l Ms) 


We have 

Qa) ary _ LAC) HH) 5 
i= ate i=1 I (i) 
for the final value of the radical at the point x, must be equal to 
y,, that is, to f(#;)/p(a,). On the other hand, from the equation 
W(x;)= 0 we derive 


and therefore 


sl = 





Q(@i) 6). ZL) Ohi — 2 R (as) H (%) 84, 





J = 
SF) W(x) 
or, making use of the equation (42), 
— 2 Q(x;) (b:8f, — F:84%) 
4 Vf = : i 
ae irc) 


Let us calculate, for example, the coefticient of 3, in 87, where a, is 
the coefficient, supposed variable, of .* in the polynomial f(x). The 
term da, does not appear in $¢,, and it is multiplied by xt in 8%. The 
desired coefficient of 8a, is therefore equal to 


See) lesen =27 
i=l y'(a) Ty" a 

where 7(x) = Q(«) $(x)a*. The preceding sum must be extended to 
all the roots of the equation y(a) = 0; it is a rational and symmetric 
function of these roots, and therefore a rational function of the coeffi- 
cients of the two polynomials f(x) and (a). The calculation of 
this sum can be facilitated by noticing that Sa (a,)/p'(z;) is equal to 
the sum of the residues of the rational function 7 (a) /p(@) relative 
to the N poles in the finite plane x, ~,,---, xy. By a general theo- 
rem that sum is also equal to the residue at the point at infinity 
with its sign changed (§ 52). It will be possible, then, to obtain the 
coefficient. of 87, by a simple division. 
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It is easy to prove that this coefticient is zero if the integral 
v(a, y) is of the first kind. We have by supposition g Sp —1; the 
degree of w(x) is g +a+h, and we have 


qt¢tetkset+k+p—-i. 


Let us find the degree of (x). If there is no cancellation between 
the terms of highest degree in R (a) $?() and in f?(a), we have 
2ASN, 2pt+14+24SN, 
whence 
A+ e+p+15N, 
and, a fortiori, 
k+p+p+i1sn. 


If there were a cancellation between these two terms, we should have 
A=eH+pt+1; 


but since the term a,#\+* has no term with which to cancel out, we 
should have X + k= N, from which the same inequality as before 
results. It follows that we always have 


qt¢he+ksn—-2. 


The residue of the rational function 7 (#)/y(«) with respect to the 
point at infinity is therefore zero, for the development will begin 
with a term in 1/2? or of higher degree. It will be seen similarly 
that the coefficient of 3, in 8/, 6, being one of the variable coefficients 
of the polynomial ¢$(x), is zero if the polynomial Q(x) is of degree 
p —1or of lower degree. This result is completely in accord with 
the general theorem. 
Let us take, for example, ¢(«)=1, and let us put 


Ui) = WN AE Teal Oy 7H) f+ + AU +. 


where a@,, @,,--:, 4, are p +1 variable coefficients. The two curves 


Y=Ra), y=f() 


cut each other in 2p +1 variable points, and the sum of the values 
of the integral v(x, y), taken from an initial point to these 2p +1 
points of intersection, is an algebraic-logarithmie function of the 
coefficients a,, a, +++, @,-. Now we can dispose of these p + 1 coeffi- 
cients in such a way that p +1 of the points of intersection are any 
previously assigned points of the curve 7? =R(x), and the codrdi- 
nates of the » remaining points will be algebraic functions of the 
coordinates of the p +1 given points. 


250 SEVERAL VARIABLES [V, § 103 


The sum of the p +1 integrals 


Y (ay Y)+ Uy Ya) toss FY (pats Yp+1)s 
taken from a common initial point to py +1 arbitrary points, is 
therefore equal to the sum of p integrals whose limits are algebraic 
functions of the codrdinates 


(ay) Yy)2 °° > Xp 4a Yo +i)> 

plus certain algebraic-logarithmic expressions. It is clear that by 
successive reductions the proposition can be extended to the sum 
of m integrals, where m is any integer greater than p. In particular, 
the sum of any number of integrals of the first kind can be reduced 
to the sum of only p integrals. This property, which applies to the 
most general Abelian integrals of the first kind, constitutes the 
addition theorem for these integrals. 


In the case of elliptic integrals of the first kind, Abel’s theorem leads pre- 
cisely to the addition formula for the function p(w). Let us consider a cubic in 
the normal form 

y? = 428 — Joe — Yo 
and let My(x,, ¥,), My(@e, Yo), Mz(@3, yz) be the points of intersection of that 
cubie with a straight line D. By the general theorem the sum 


(454) (5%) eee ve nae @gyVg) dz 
bs Wee — Gat — a V4a8 — 9,8 — J ra V408 — 9.0 — 9, 


is equal to a period, for the three points eis M,, M, are carried off to infinity 
when the straight line D goes off itself to infinity. Now if we employ the 
parametric representation 4 =p(w), y = p(w) for the cubic, the parameter wu is 
precisely equal to the integral 


(eae 
af s dt 
€ re Taare ee 
. V4a8 Lo 954 — 9. 


and the preceding formula says that the sum of the arguments u,, uy, us, Which 
correspond to the three points M,, M,, Mz, is equal to a period. We have seen 
above how that relation is equivalent to the addition formula for the function 


P(u) (§ 80). 





104, Extension of Lagrange’s formula. The general theorem on the implicit 
functions defined by a simultaneous system of equations (I, § 194, 2d ed.; 
§ 188, 1st ed.) extends also to complex variables, provided that we retain 
the other hypotheses of the theorem. Let us consider, for example, the two 
simultaneous equations 


(44) P@,y)=e-—a—af(z,y)=90, Q(a,y)=y—b— Bo(a, y) =0 


where « and y are complex variables, and where f(z, y) and ¢(z, y) are ana- 
lytic functions of these two variables in the neighborhood of the system of 
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values c=a,y=b. For a= 0,8 =0 these equations (44) have the system of 
solutions « = a, y = b, and the determinant D(P, Q)/D(z, y) reduces to unity. 
Therefore, by the general theorem, the system of equations (44) has one and 
only one system of roots approaching a and b respectively when @ and 8 approach 
zero, and these roots are analytic functions of @ and B. Laplace was the first 
to extend Lagrange’s formula (§ 51) to this system of equations. 

Let us suppose for definiteness that with the points a and b as centers we 
describe two circles C and C’ in the planes of the variables z and y respectively, 
with radii » and 7’ so small that the two functions f(a, y) and ¢ (a, y) shall be 
analytic when the variables « and y remain within or on the boundaries of 
these two circles C, C’. Let M and M’ be the maximum values of | f(a, y)| and 
of |@(x, y)|, respectively, in this region. We shall suppose further that the 
constants a and B satisfy the conditions M|a|<r, M’|B| <7. 

Let us now give to x any value within or on the boundary of the circle C; 
the equation Q (a, y) = 0 is satisfied by a single value of y in the interior of the 
circle C’, for the angle of y — b — B¢(x, y) increases by 2a when y describes 
the circle C’ in the positive sense (§ 49). That root is an analytic function 
Y, = (x) of w in the circle C. If we replace y in P(x, y) by that root y,, the 
resulting equation «— a — af(a, y,) = 0 has one and only one root in the inte- 
rior of C, for the reason given a moment ago. 

Let « = é be that root, and let » be the corresponding value of y, 7 = y (é). 
The object of the generalized Lagrange formula is to develop in powers of a 
and 6 every function F(é, 7) which is analytic in the region just defined. 

For this purpose let us consider the double integral 


Fe, dy _ 
(45) a So ff P(t, y) QW Y”)- 


Since « is a point on the circumference of C, P(z, y) cannot vanish for any 
value of y within 0’, for the angle of c—a— af(a, y) returns necessarily to 
its initial value when y describes OC’, x being a fixed point of C. The only pole 
of the function under the integral sign, considered as a function of the single 
variable y, is, then, the point y=y,, given by the root of the equation Q(z, y)=0, 
which corresponds to the value of # on the boundary C, and we have, after a 
first integration, 
il _FOENY oj Fan) _. 
cy P (a, y) Q(@, y) P(a, 14) (32) 
YU) 


The right-hand side, if we suppose y, replaced by the analytic function y (x) 
defined above, has in turn a single pole of the first order in the interior of C, — 
the point x = &, to which corresponds the value y, = 7, — and the corresponding 


residue is easily shown to be 
2imF (é, n) 


Beast 


The double integral I has therefore for its value 
F é, 1) 


See ht 


[T=—47r° 
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On the other hand, we can develop 1/PQ in a uniformly convergent series 








1 am pr af m gp” 
(e-~a— af)(y—b— B64) =) Gr ariig aya 
which gives us I =ZJ yn a” B”, Where 


a F(e, WLS (ole, Wyray. 
Imn =f aes 


(a — a)” anil (y = b)n +l 





This integral has already been calculated (§ 94), and we have found that it is 


edie te 4m? gmtn[ F(a, b) f™ (a, b) 6" (a, 6)] 


min! oa cbr 





Equating the two values of J, we obtain the desired result, which presents an 
evident analogy with the formula (50) of § 51: 


(46) pian ll a) => >. am pn gmt n[ F(a, b) fm (a, b) o (a, 6)) 


aes (P, Q) [Peo min! aam cbr 
D (2, Y) oe 


We could also obtain a second result analogous to (51), of § 51, by putting 
D(P, Q) 
De, y)° 


but the coefficients in this case are not so simple as in the case of one variable. 





F(x, Y)= ® (x, ) ae 


EXERCISES 


1. Every algebraic curve C, of degree n and of deficiency p can be carried 
over by a birational transformation into a curve of degree p + 2. 

(Proceed as in § 82, cutting the given curve by a net of curves C2, passing 
through n(n —1)/2 — 3 points of C,, among which are the (n — 1) (n — 2)/2 — p 
double points, and put 

DG G2 i= os 
the equation of the net being ¢,(x, y) + AP, (x, Y) + wh; (x, y) = 0.) 

2. Deduce from the preceding exercise that the codrdinates of a point of a 
curve of deficiency 2 can be expressed as rational functions of a parameter 
and of the square root of a polynomial R(t) of the fifth or of the sixth degree, 
prime to its derivative. 

(The reader may begin by showing that the curve corresponds point by point 
to a curve of the fourth degree having a double point.) 


3*, Let y= a,2+ a2? + ---be the development in power series of an alge- 
braic function, a root of an equation F(x, y) = 0, where F(a, y) is a polynomial 
with integral coefficients and where the point with codrdinates x = 0, y= Oisa 
simple point of the curve represented by F(x, y) = 0. All the coefficients 1, Ayre 
are fractions, and it suffices to change x to Kx, K being a suitably chosen integer, 
in order that all these coefficients become integers. [EIsenstTEINn. | 

(It will be noticed that a transformation of the form a = k?a’, y = ky’ suffices 


to make the coefficient of y’ on the left-hand side of the new relation equal to 
one, all the other coefficients being integers.) 
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Binomial formula: 40, 18 
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Birational transformations: 192, 82; 
258, ex. 1 

Blumenthal: 132, ftn. 

Borel: 130, ftn.; 132, ftn.; 218, ex. 8 

Bouquet: see Briot and Bouquet. 

Branch point: see Critical points 

Branches of a function: 15,6; 2°, 13 

Briot and Bouquet: 126, ex. 27; 195, 
ex. 11 

Burman: 126, ex. 26 

Burman’s series: 126, ex. 26 


Cauchy: 7, 2; 9, ftn.; 10,3; 60, 25; 
71, ftn.; 74, 82; 78, 34; 82, ftn.; 
106,51; 114, 63; 127,57; 139, 63; 
200, ftn.; 215, 90; 222, 93 ; 225, 94; 
227, 95; 238, 98 

Cauchy-Laurent series: 87, 35 

Cauchy’s integral: 75, 83; funda- 
mental formula: 76, 83; 227, 95; 
fundamental theorem: 233, 98; in- 
tegral theorems: 75, 83; method, 
Mittag-Leffler’s theorem: 139, 68; 
theorem: 66, 28; 71, ftn.; 74, 32; 
75, 33; 78, 34; 216, 90; theorem for 
double integrals: 222,93; 225, 94 

Cauchy-Taylor series: 79, 35 

Change of variables, in integrals: 62, 26 

Circle of convergence: 18, 8; 202, 
84; 209, 87; 212, 883; associated 
circles of convergence: 220, 92; 
singular points on: 202, 84 and ftn. 

Circular transformation: 45,19; 57, 
ex. 13 

Class of an integral function: 732, 58 

Clebsch: 186, ftn. 

Complex quantity : 3,1 

Complex variable: 6, 2; analytic func- 
tion of a: 9, 3; function of a: 6, 2 
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Conformal maps: see Maps 

Conformal representation: 42, 19; 44, 
20; 48, 20; 52, 23; see also Projec- 
tion and Transformations 

Conformal transformations: see Trans- 
formations 

Conjugate imaginaries: 4, 1 

Conjugate isothermal systems: 54, 24 

Connected region: 11, 4 

Continuity, of functions: 6, 2; of 
power series: 7,2; 56, ex. 7 

Continuous functions: see Functions 

Convergence, circle of: see Circle of 
convergence 

Convergence, uniform: of infinite 
products: 22,10; 129, 573 of inte- 
grals: 229,96; of series: 7, 2; 88, 39 

Cousin: 282, ftn. 

Critical points: 15, 6; 29,13; 237, 
99; logarithmic: 32, 14; 173, 53 

Cubics: see Curves 

Curves, adjoint: 191, 82; bicircular 
quartics: 193, ex.; conjugate iso- 
thermal systems: 54, 245 deficiency 
of : 172,77; 191, 82 ; 252, exs. land 
2; 244,101; of deficiency one: 172, 
77; double points: 184, 80, 191, 82; 
loxodromic: 53, ex. 1; parametric 
representation of curves of defi- 
ciency one: 187, 81; 191, 82; 193, 
ex.; parametric representation of 
plane cubics: 180, 78 ; 184, 80 ; 187, 
81; points of inflection: 786, 80; 
quartics: 287, 81; unicursal: 197, 
82; see also Abel’s theorem and 
Rhumb lines 

Cuts: 208, 87 

Cycles: 244, 101 

Cyclic periods: 244, 101 

Cyclic system of roots: 238, 99 


D Alembert : 104, Note 

D’ Alembert’s theorem: 104, Note 

Darboux: 64, 27 

Darboux’s formula, law of the mean: 
64, 27 

Deficiency : see Curves, deficiency of 

Definite integrals: 60, 25; 72, 81; 
97, 463; differentiation of: 77, 88; 
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227, 95; evaluation of: 96, 453 
Fresnel’s: 100, 46; T function: 
100,47; 229,96; law of the mean: 
64, 273; periods of: 112, 58; 114, 
Note; see also Integrals 

De Moivre: 6,1 

De Moivre’s formula: 6, 1 

Derivative, of analytic functions: 9, 
8; 42,19; 77, 83; of integrals: 77, 
338; 227, 95; of power series: 19, 
8; of series of analytic functions: 
88, 39 

Dominant function: 56, ex. 7; 81, 
35; 227, 94 

Dominant series: 27,9; 157, 69 

Double integrals: 222, 93; Cauchy’s 
theorems: 222, 98; 225, 94 

Double points: 184, 80; 191, 82 

Double series: 21, 9; circles of con- 
vergence: 220, 92; Taylor’s for- 
mula: 222, 92; 226, 94 

Doubly periodic functions: 145, 65; 
149, 67; see also Elliptic functions 


Hisenstein: 252, ex. 3 

Elements of analytic functions: 798, 
83 

Elliptic functions: 145, 65; 150, 685 
addition formule: 166, 74; alge- 
braic relation between elliptic fune- 
tions with the same periods: 158. 
68; application to cubies: 780, 78 ; 
184, 803; application to curves of 
deficiency one: 187, 81; 197, 82; 
application to quartics: 187, 813 _ 
even and odd: 754, 68; expansions 
for: 154, 69; general expression for: 
165, 73; Hermite’s formula: 765, 
73; 168, 75; 195, ex. 93 integration 
of :°768, 75; invariants of : 158, 70; 
172, 77; 182, 793; order of : 150, 68; 
p(u): 154, 69; p(u) defined by in- 
variants: 182, 79; periods of: 152, 
68 ; 172, 77; 184, 793 poles of : 150, 
68 ; 154, 68; relation between p(u) 
and p’(u): 158, 703; residues of: 
151, 683; o(u): 162, 725 O0(u): 170, 
765 ¢(u): 159, 713 zeros of: 152, 
68; 154, 68; 159, 70 
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Elliptic integrals, of the first kind: 
120, 56; 174, 78; 250, 1083 the in- 
verse function: 774, 78; periods of : 
120, 56 

Elliptic transformation: 57, ex. 15 

Equations: 283, 98; algebraic: 240, 
100 ; cyclic system of roots of : 238, 
99; 241, 100; D’Alembert’s theo- 
rem: 104, Note; Kepler’s: 109, 
ex. ; 126, ex. 273; Laplace’s: 10,3; 
54, 24; 55, Note; theory of equa- 
tions: 108, 49; see also Implicit 
functions, Lagrange’s formula, and 
Weierstrass’s theorem 

Essentially singular point: 97, 425 at 
infinity : 120, 52; isolated: 91, 42; 
see also Laurent’s series 

Huler: 27, 12; 58, exs. 20 and 22; 
96, 45; 124, ex. 14; 143, ftn.; 230, 
96 

Euler’s constant: 230, 96; formula: 
58, ex. 22; 96, 45; 124, ex. 14; 
formule: 27, 12 

Evaluation of definite integrals: see 
Definite integrals 

Even functions: 153, Notes 

Expansions in infinite products: 
194, exs. 2 and 33 of cosz: 194, 
ex. 3; of T(z): 280, 963 of a(u): 
162, 72; of sin x: 143, 64; see also 
Functions, primary, and Infinite 
products 

Expansions in series: of ctn @: 148, 
64; of elliptic functions: 154, 69; 
of periodic functions: 145, 65; of 
roots of an equation: 238, 993 see 
also Series 

Exponential function: 23, 11 


Fourier: 170, 76 

Fredholm: 218, ftn. 

Fuchs: 57, ex. 15 

Fuchsian transformation: 57, ex. 15 


of integral: 132, 58; of a complex 
variable: 6, 2; continuous: 6, 2; 
defined by differential equations: 
208, 86; dominant: 56, ex. 7; 81, 
35; 227, 94; doubly periodic: 145, 
65; 149, 67; elementary transcen- 
dental: 18, 8; elliptic: see Elliptic 
functions; even and odd: 148, 
Notes; exponential: 23, 11; Gamma: 
100,47 ; 229, 96; holomorphic: 77, 
ftn.; implicit: 233, 98; integral: 
see Integral functions and Integral 
transcendental functions; inverse, 
of the elliptic integral: 172, 77; in- 
verse sine: 114, 54; inverse trigo- 
nometric: 30, 14; irrational: 73, 
6; logarithms: 28, 13; meromor- 
phic: 90, ftn.; monodromic: 17, 
ftn.; monogenic: 9, ftn.; multiform: 
17, ftn.; multiple-valued: 77, 7; 
p(u): 154, 69; periods of: 145, 65 ; 
152, 68; 172, 77; 184,79; primary 
(Weierstrass’s) : 127, 573 primitive : 
83, 15; rational: 12, 5; 338, 15; 
rational, of sin z and cos z: 35, 16; 
regular in a neighborhood: 89, 40; 
regular at a point: 88, 40; regular 
at the point at infinity: 209, 52; 
represented by definite integrals: 
227, 953 series of analytic: 86, 39; 
o(u): 152, 723 single-valued: see 
Single-valued functions and Single- 
valued analytic functions; 6(u): 
170, 76; trigonometric: 26, 12; 
¢(u): 159, 713; see also Expansions 


Fundamental formula of the integral 


calculus: 63, 26; 72, 31 


Fundamental theorem of algebra: 


104, Note 


Functions, algebraic: 233, 98; 240, 
100; analytic: see Analytic func- 
tions and Analytic functions of sey- 
eral variables; analytic except for 
poles: 90, 41; 101, 48; 136, 61; 
branches of: 15, 6; 29, 133 class 


Gamma function: 100, 47; 229, 96 

Gauss: 125, ex. 21 

Gauss’s sums: 125, ex. 21 

General linear transformation: 44, 
ex. 2 

Geographic maps: see Maps 

Gourier: 126, ex. 28 

Goursat: 208, ftn.; 216, ftn. 

Goursat’s theorem: 69, 29 and ftn. 
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Hadamard: 206, ftn.; 212, 88; 215, 
ex. 8 

Hermite: 106, 51; 109, ex.; 165, 73; 
168, 75; 195, ex. 9; 215, 90 and 
eno Mal aahes Bi Gre Je a OF 
230, ttn. 

Hermite’s formula: 225, 90; for ellip- 
tic integrals: 165, 738 ; 168, 75; 194, 
ex 

Holomorphic functions: 17, ftn. 

Hyperbolic transformations: 57, ex. 
15 

Hyperelliptic integrals: 116,55; 247, 
103; periods of : 116, 55 


Imaginaries, conjugate: 4, 1 

Imaginary quantity: 3, 1 

Implicit functions, Weierstrass’s theo- 
rem: 233, 98; see also Functions, 
inverse, and Lagrange’s formula 

Independent periods, Jacobi’s theo- 
rem: 147, 66 

Index of a quotient: 103, 49 

Infinite number, of singular points: 
134, 60; see also Mittag-Leffler’s 
theorem; of zeros: 26,11; 93, 42; 
128, 57; see also Weierstrass’s theo- 
rem 

Infinite products: 22, 10; 129, 57; 
194, exs. 2 and 33; uniform conver- 
gence of, 22, 10; 129, 37; see also 
Expansions 

Infinite series: see Series 

Infinity : see Point at infinity 

Inflection, point of : 286, 80 

Integral functions: 21, 8; 127, 57; 
associated: 218, ex. 7; class of: 
182, 58; with an infinite number of 
zeros: 127, 573 periodic: 147, 65; 
transcendental: 21, ftn.; 92, 42; 
136, 61; 230, 96 

Integral transcendental functions: 27, 
ftn.; 92, 42; 136, 61; 230, 96 

Integrals, Abelian: 193, 82; 243,101; 

Abelian, of the first, second, and 

third kind: 244, 101; Abel’s theo- 

rem: 244, 102; Cauchy’s: 75, 88; 

change of variables in: 62, 26; along 

a closed curve: 66, 283 definite: 
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see Definite integrals; differentia- 
tion of: 77, 33; 227, 95; double: 
see Double integrals; elliptic: 120, 
56; 174, 78; 250, 103; of elliptic 
functions: 168, 75; fundamental 
formula of the integral calculus: 
68, 26; 72, 31; Hermite’s formula: 
215, 90; Hermite’s formula for el- 
liptic: 165, 73; 168, 75; 195, ex. 9; 
hyperelliptic: 226, 55; 247, 103; 
law of the mean (Weierstrass, Dar- 
boux): 64, 27; line: 67, 25; 62, 26; 
74, 32; 224, 93; of rational func- 
tions: 33, 15; 113, 53; of series: 
86, 39; uniform convergence of: 
229, 96; see also Cauchy’s theorems 

Invariants (integrals): 57, ex. 153 of 
elliptic functions: 158,70; 172,77; 
182, 79 

Inverse functions: see Functions, in- 
verse, implicit 

Inversion: 45, 19; 57, exs. 18 and 14 

Irrational functions: 73, 6; see also 
Functions 

Irreducible polynomial: 240, 100 

Isolated singular points: 89, 40; 132, 
59; essentially singular: 97, 42 

Isothermal curves: 54, 24 


Jacobi: 125,ex.18; 147,66; 154,69; 
170, 76; 180, 78 

Jacobi’s theorem: 147, 66 

Jensen: 104, 50 

Jensen’s formula: 104, 50 


Kepler: 109, ex.; 126, ex. 26 
Kepler’sequation: 109, ex.; 126, ex. 27 
Klein: 59, ex. 23 


Lagrange: 106, 51; 126, ex. 26; 251, 
104 

Lagrange’s formula: 106, 51; 126, 
ex. 26; extension of: 250, 104 

Laplace: 10, 3; 54, 24; 55, Note; 
106, 51; 125, ex. 19; 251, 104 

Laplace’s equation: 10,3; 54, 24; 54, 
Note 

Laurent: 75, 38; 81, 37; 91, 42; 94, 
43 ; 126, ex. 23; 146, 65 
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Laurent’s series: 75,38; 81, 37; 146, 
65 

Law of the mean for integrals: 64, 27 

Legendre: 106, ex.; 125, ex. 18; 180, 
78 

Legendre’s polynomials: 208, ex. ; 
Jacobi’s form: 725, ex.18; Laplace’s 
form: 125, ex. 19 

Limit point: 90, 41 

Line integrals: 61, 25; 62, 26; 74, 
32; 224, 98 

Linear transformation: 59, ex. 23; 
general: 44, ex. 2 

Lines, singular: see Natural bound- 
aries, and Cuts 

Liouville: S81, 36; 150, 67 

Liouville’s theorem: 81, 36; 150, 67 

Logarithmic critical points: 32, 14; 
118, 53 

Logarithms: 28,13; 113, 53; natural 
or Napierian: 28, 13; series for 
Log (1 + 2): 38, 17 

Loops: 112, 53; 115, 54; 244, 101 

Loxodromic curves: 53, ex. 1 


Maclaurin: 83, ex. 

Maps, conformal: 47,19; 45, 20; 48, 
20; 52, 283; geographic: 52, 28; see 
also Projection 

Méray: 81, ftn.; 200, ftn. 

Mercator’s projection: 52, ex. 1 

Meromorphic functions: 90, ftn. 

Mittag-Leffler: 127, 57 and ftn.; 134, 
61; 139, 63 

Mittag-Leffler’s theorem: 127, 57; 
134,61; 139,63; Cauchy’s method: 
189, 63 

Monodromic functions: 77, ftn. 

Monogenic functions: 9, ftn. 

Morera: 78, 34 

Morera’s theorem: 78, 34 

Multiform functions: 77, ftn. 

Multiple-valued functions: 17, 7 


Napier: 28, 13 

Napierian logarithms: 28, 13 

Natural boundary: 201, 84; 208, 87; 
211, 88 

Natural logarithms: 28, 18 


257 


Neighborhood: 88, 40; of the poiat 
at infinity: 109, 52 


Odd functions: 154, 68 

Order, of elliptic functions: 150, 68; 
of poles: 89, 40; of zeros: 88, 40 

Ordinary point: 88, 40 


P function, p(u): 154, 68; 182, 79; 
defined by invariants: 182, 793 re- 
lation between p(u) and p’(u): 158, 
70 

Painlevé: 85, 38 

Parabolic transformation: 57, ex. 15 

Parallelogram of periods: 150, 67 

Parametric representation: see Curves 

Periodic functions: 145, 65; doubly: 
145, 65; 149, 67; see also Elliptic 
functions 

Periodic integral functions: 147, 65 

Periods: of ctna: 144, Note 3; cyclic: 
244,101; of definite integrals: 717, 
58; 114, Note; of elliptic functions: 
152, 68; 172,77; 184, 79; of elliptic 
integrals: 120, 56; of functions: 
145, 65; of hyperelliptic integrals: 
116, 55; independent: 147, 66; 
parallelogram of: 150, 67; polar: 
112, 58; 119, 55; 244, 101; primi- 
tive pair of: 149, ftn.; relation be- 
tween periods and invariants: 172, 
77; of sinz: 1438, Note 1 

Picard: 21, ftn.; 93,42; 127, ftn. 

Poincaré: 208, ftn.; 222, ftn.; 232, 
ftn. 

Point, critical or branch: see Critical 
points; double: 184, 80; 191, 82; 
at infinity: 209, 52; of inflection: 
186, 80; limit: 90, 41; ordinary: 
88, 40; symmetric: 58, ex. 17; see 
also Neighborhood, Singular points, 
and Zeros 

Polar periods: see Periods, polar 

Poles: 88, 40; 90, 41; 138, 593; of 
elliptic functions: 150, 68; 154, 
68; infinite number of: 735, 61; 
137,62; at infinity: 710, 52; order 
of: 89, 40 

Polynomials, irreducible: 240, 100 
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Power series: 18, 8; 196, 833; con- 
tinuity of: 7, 2; 56, ex. 7; deriva- 
tive of: 19, 8; dominating: 77, 9; 
representing an analytic function: 
20, 8; see also Analytic extension, 
Circle of convergence, and Series 

Primary functions, Weierstrass’s: 127, 
57 

Primitive functions: 33, 15 

Primitive pair of periods: 149, ftn. 

Principal part: 89, 40; 91, 42; 110, 
52; 188, 59; 135, 61 

Principal value, of are sinz: 3/, 
ftn. 

Products, infinite: see Infinite products 

Projection, Mercator’s: 52, ex. 13 
stereographic: 53, ex. 2 

Puiseux: 240, ftn. 


Quantity, imaginary or complex: 3, 1 
Quartics: 187, 81; bicircular: 193, ex. 


Rational fraction: 133, 59 

Rational functions: 12, 5; integrals 
of : 33, 15; of sinz and cos z: 35, 16 

Region, connected: 11, 4 

Regular functions: see Functions, 
regular 

Representation, conformal: see Con- 
formal representation ; parametric: 
see Curves 

Residues: 75, 83; 94, 43; 101, 48; 
110, 52; 112, 533 of elliptic func- 
tions: 1517, 685; sum of: 117, 52; 
total: 111, 52 

Rhumb lines: 58, ex. 1 

Riemann: 10, ftn.; 50, 22; 74, 32; 
244, 101 

Riemann surfaces: 244, 101 

Riemann’s theorem: 50, 22 

Roots of equations: see Equations, 
D’ Alembert’s theorem, and Zeros 


Sauvage: 231, 97 

Schroder: 214, 89 

Series, of analytic functions: 86, 39; 
Appell’s: 84, 38; Burman’s: 726, 
ex, 26; the Cauchy-Laurent: 87, 
35; the Cauchy-Taylor: 79, 353 for 
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ctn z: 143, 64; differentiation of: 
88, 89; dominant: 21, 9; 157, 693 
double : see Double series ; integra- 
tion of : 86,39; Laurent’s: 75, 33 ; 
81, 37; 146, 65; for Log (1+ 2): 
88, 17; of polynomials (Painlevé) : 
86, 38; for tan z, etc.: 194, ex. 45 
Taylor’s: 20, 8; 75, 333 78, 35; 
206, ftn.; 226, 943 uniformly con- 
vergent: 7, 2; 86, 39; 88, 39; sec 
also Lagrange’s formula, Mittag- 
Leffler’s theorem, and Power series 

Several variables, functions of: 278, 
91; see also Analytic functions of 
several variables 

Sigma function, ¢(u): 162, 72 

Single-valued analytic functions: 127, 
57; with an infinite number of 
singular points, Mittag-Leffler’s the- 
orem: 134, 60; (Cauchy’s method) : 
139, 63; with an infinite number 
of zeros, Weierstrass’s theorem: 
128, 57; primary functions: 127, 
57 

Single-valued functions: 17, 7; 127, 
57 

Singular lines: see Cuts and Natural 
boundaries 

Singular points: 13, 5; 75, 33; 88, 
40; 204, 85; 282, 97; algebraic: 
241, 1003; on circle of convergence : 
202, 84 and ftn.; essentially: 97, 
42; essentially, at infinity: 710, 52; 
infinite number of: 134, 60; 139, 
63; isolated: 89, 40; 132, 593; log- 
arithmic: 244, 101; order of: 89, 
40; transcendental: 243, Note; see 
also Critical points, Mittag-Leffler’s 
theorem, and Poles 

Singularities of analytical expressions: 
218, 89; see also Cuts 

Stereographic projection: 53, ex. 2 

Stieltjes: 109 ex. 

Symmetric points: 58, ex. 17 

Systems, conjugate isothermal: 54, 24 


Tannery: 214, 89 
Taylor: 20, 8; 75, 83; 78, 85; 206, 
ftn.; 226, 94 
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Taylor’s formula, series: 20, 8; 75, 
33; 78, 35; 206, ftn.; for double 
series: 226, 94 

Theta function, 6(u): 170, 76 

Total residue: 117, 52 

Transcendental functions: see Func- 
tions 

Transcendental integral functions : see 
Integral transcendental functions 

Transformations, birational: 192, 82 ; 
252, ex. 13 circular: 45,19; 57, ex. 
13; conformal: 42,19; 45, 20; 48, 
20); 52, 233 "elliptic: 57, ex. 155 
Fuchsian: 57, ex. 15; general lin- 
ear: 44, ex. 2; hyperbolic: 57, ex. 
15; inversion: 45,19; 57, exs. 138 and 
14; linear: 59, ex. 23; parabolic: 57, 
ex. 15; see also Projection 

Trigonometric functions: 26, 123; in- 
verse: 30, 143; inverse sine: 114, 
54; period of ctn a: 144, Note 3; 
period of sin w: 143, Note 13; prin- 
cipal value of: 31, ftn.; rational 
functions of sin z and cos z: 35, 16; 
see also Expansion 


Unicursal curves: 191, 82 


Uniform convergence: see Conver- 
gence, uniform 

Uniform functions: 77, ftn. 

Uniformly convergent series and prod- 
ucts: see Convergence, uniform 


Variables, complex: 6, 2; infinite 
values of: 109, 523; several: see 
Analytic functions of several vari- 
ables 


Weierstrass: 64, 27; 88, ftn.; 92, 42; 
121, 66; 127, 57 and ftn.; 139, 63 ; 
149,67; 154, 69; 156, 69 ; 200, ftn.; 
212, 88; 283, 98; 237, ftn. 

Weierstrass’s formula: 64, 27; 121, 
56; primary functions: 127, 573 
theorem: 92, 42; 127,57; 138, 62 ; 
139, 63; 288, 98 


Zeros, of analytic functions: 88, 40; 
234, 98; 241, 100; of elliptic func- 
tions: 152, 68; 154, 68; infinite 
number of: 26, 11; 93, 42; 128, 
57; order of: 88, 40; see also 
D’Alembert’s theorem 

Zeta function, ¢(u): 159, 71 
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